Environmental changes and
hazardous processes in mountain
areas
Challenges in observation and modelling at
different spatial scales

by Martin Mergili

Imprint 1

Imprint

Environmental changes and hazardous processes in
mountain areas
Challenges in observation and modelling at different spatial scales
Habilitation treatise for Geography submitted to the University of Innsbruck
by Martin Mergili, Dr.rer.nat.
November 2014

Front cover: Shallow landslide in clay material, Collazzone Area, Umbria, central Italy. Even though not located
in a high-mountain area, this example shows that gravitational mass movements may also occur in less steep
terrain. The team of researchers from CNR-IRPI Perugia and IAG-BOKU Vienna is shown while extracting samples for geotechnical laboratory tests. The results are used for testing an innovative GIS-based 3D application of
a slope stability model suitable for small and medium catchments (Pubs. 15, 17 and 18 in Table 1.3). The photo
also illustrates the human influence on slope stability in the Collazzone Area: sliding surfaces typically coincide
with the lower boundary of the soil disturbed by agricultural activities such as ploughing and ripping. 20 May
2013.
Inside cover: The mountains of Central Asia are characterized by glacier retreat and its manifold geoenvironmental consequences. Lake Varshedz in the Pamir of Tajikistan is one of many lakes having formed in
the front of the shrinking glaciers during the last few decades (Pub. 10 in Table 1.3). Some of these lakes are
prone to sudden drainage (glacial lake outburst floods, GLOFs) threatening the communities in the valleys.
Changes in the high-mountain geo-environmental systems of Central Asia possibly affect the water budget as
well as the hazard situation. Helicopter view, 18 August 2011.
All photos shown in the framework paper, if not stated otherwise, are part of my geographic image database
(see Appendix B3; http://www.mergili.at/worldimages, last access: 14 November 2014).
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This treatise builds on ten years of active research on high-mountain environmental changes, related hazards, modelling of floods, landslides and granular flows, development of Open Source GIS
model applications for the analysis of a broad range of processes at a variety of spatial scales, vegetation-environment relationships and perception of climatic, ecological and socio-economic
changes. Even though covering a broad range of topics, the work may be considered as an entity to
be compiled under the umbrella of Environmental changes and hazardous processes in mountain

areas.
The subtitle of the treatise, Challenges in observation and modelling at different spatial scales,
summarizes the key methodologies used. Observations include remote sensing, field work and
laboratory work. Particular emphasis, however, is put on the challenges. Even though the work
presented makes use of the most innovative methods and builds on a rich basis of previous research, it has to be acknowledged that the systems under investigations are not yet – and will
maybe never be – fully understood, chiefly due to the lack of information on the threedimensional distribution of the governing parameters of the physical processes, and the complexity and limited predictability of social and political processes as well as of human-environmental
interactions. Particular challenges are highlighted and discussed. On the one hand, the awareness
of research gaps and challenges should be the basis for the design of future research projects. On
the other hand, dealing candidly with the challenges is – maybe even more than the pure research
results – the key for a responsible application and communication of research, particularly with
regard to highly critical issues such as natural hazards and the related risks.
The present compilation is the result of roughly 14 years of research. Instead of being the merit of
only single person, this outcome was made possible by the kind cooperation of a variety of people.
Besides acknowledging the great support received by my family – particularly by my mother
Edith, my father Walter and my grandfather Franz Mergili – I would like to thank my senior colleagues for sharing their vast experiences, my junior colleagues for their ideas and their contributions by means of their bachelor and master theses, and all my friends for countless inspiring discussions on a variety of scientific and societal topics during the last 14 years. Listing all of them
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would go beyond the scope of this chapter. However, I should particularly like to acknowledge
valuable discussions and fruitful cooperation with (in alphabetic order) Axel Borsdorf, Daniela
Engl, Andreas Erhard, Brigitta Erschbamer, Clemens Geitner, Wolfgang Fellin, Markus Fiebig,
Fabian Gruber, Ivan Marchesini, Stella Moreiras, Franz Ottner, Sean Privett, Shiva Pudasaini,
Mauro Rossi, Jean F. Schneider, Reinhard Starnberger, Johann Stötter, Wolfgang Straka and Christian Zangerl. Finally, I would like to thank the people from the Pamir, Tajikistan, for their warm
welcome.

Martin Mergili, November 2014
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Abstract

Environmental changes and hazardous processes in mountain areas – Challenges in observation
and modelling at different spatial scales focuses on three fields of research: (i) high-mountain geomorphology and environmental change; (ii) physically-based modelling of mass movement processes; (iii) broad-scale mapping of mountain phenomena. A compilation of 20 scientific publications is preceded by a framework paper. The latter attempts to put the publications into a larger
context, to highlight the linkages between the articles and to approach certain issues from contrasting perspectives, focusing not only on the methods applied and the results achieved, but particularly on the challenges identified. For this purpose, I introduce six pairs of antagonistic or
complementary terms and explore the fields of tension between these terms.

Social scientific and natural scientific views. Even though most of the compiled publications clearly take a natural scientific point of view, much of the research can be considered in a larger context where both philosophies may contribute valid and useful concepts. In the framework paper I
attempt to approach some of the research fields from a social scientific viewpoint to demonstrate
the associated gain of knowledge.

Geosystems and ecosystems. Systems characterized by the interaction of abiotic components,
plants and animals (ecosystems) are compared to primarily abiotic systems (referred to as geosystems) and social systems. Within the context of the compiled publications, types and rates of spatio-temporal changes observed in each type of system are explored. Further, I compare the key
characteristics of the various types of systems. For this purpose, two contrasting complex systems
are analyzed: (i) water in Central Asia and (ii) the Grootbos Nature Reserve, South Africa.

Theory and practice. Much of the research presented is theoretical in principle. However, some of
the findings may be highly relevant for the people and communities interacting with the processes
considered. First, I exemplify how a particular type of phenomenon – gravitational mass movements or landslides – is perceived from different perspectives in different fields of science. Second,
I explore contrasting rationales in interpreting and using quantitative research results. Finally, I
try to identify particular challenges in the practical implementation of research results, with a
particular focus on risk management in politically and economically challenged societies.
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Observation and model. Computer modelling of geomorphic processes always builds on observations. Observations, however, are often ambiguous and models never reproduce all details of reality. The field of tension between observation and modelling is one of the central issues of the present treatise. After introducing to general types of models, I explore the use of geotechnical data
for deterministic and stochastic physically-based slope stability modelling and the particular challenges associated with GIS applications of physically-based deterministic granular flow models.

Local scale and regional scale. Building on the previous chapter, I explore the particular challenges
with regard to data acquisition and model concepts when analyzing processes, patterns and changes at scales where specialized data – such as geotechnical parameters – are not available. A focus is
put on the observation and associated statistical and rule-based modelling of geo- and ecosystems
in general and on different types of mass movement processes in particular.

Chances and risks. Even though the present treatise focuses on risks – more precisely, on the natural component of risks – many changes attributed to recent climatic and socio-economic changes
bear both risks and chances. I try approaching risks and associated natural disasters – which are
actually social disasters – from natural-scientific and social-scientific viewpoints. I further attempt
to illustrate the relationship between risks – or even disasters – and chances.
The essentials of the work are condensed into three sets of key conclusions, based on the governing questions defined for each research field:
1. How do climatic changes reflect themselves in changes of the high-mountain environment

and associated hazards and how are environmental changes perceived in different mountain areas? In the investigated areas, the global trend of glacial retreat and the associated
geomorphologic changes and resulting hazards can be confirmed. Further, the findings indicate that the inhabitants of climatically, geomorphologically and culturally contrasting
mountain areas perceive similar environmental changes.
2. How far can GIS-supported physically-based models for mass movements be pushed in

terms of system complexity and study area size? Advanced computing strategies and readily available terrain data – most often not limiting for the application of such models – are
countered by highly uncertain subsurface geotechnical and geometric data in often complex systems. Model results therefore never represent the “reality”. Strategies for dealing
with complex systems or uncertain data consist in the computation of probabilities or scenarios, in making model codes available and in comparing the results of two or more models. It is shown that a statistical model performs similar to an advanced physically-based
model in predicting the location of the landslides observed in a 79 km² area in Italy.
3. At which scales and under which circumstances are statistical and rule-based computer

models suitable to make valid predictions? There are – in principle – no limits of study area size as long as appropriate reference data are available. The validity of predictions made
by statistical models depends on the complexity of the system: it is shown that broad-scale
precipitation maps better correspond to the observations than catchment-scale soil maps.
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1 Introduction

Environmental changes and hazardous processes in mountain areas – challenges in observation
and modelling at different spatial scales collects, discusses and summarizes a compilation of 20
publications – 14 journal articles and six book chapters – focusing on three broad research fields:
1. High-mountain geomorphology and environmental change
2. Physically-based modelling of mass movement processes
3. Broad-scale mapping of mountain phenomena
The three fields do not stand for themselves only. Instead, they are strongly interconnected. In
order to create a sound basis for exploring the relationships and for further discussion (Chapters 2–
6), the three research fields and the associated gaps are shortly introduced in Chapter 1.1. The
resulting questions are summarized in Chapter 1.2 whilst Chapter 1.3 gives an overview of the
relevant study areas and Chapter 1.4 summarizes the compiled publications. Chapter 1.5 explains
the structure of the framework paper.
The compiled publications are collected in Appendix A. They only represent a selection out of all
my publications. Additional pieces of information with regard to my person such as a curriculum
vitae, a full publication list, an account of scientific internet services as well as lists and descriptions of funded research projects, supervised bachelor and master theses and teaching activities are
provided in Appendix B.

1.1 Research fields and associated gaps
1.1.1 High-mountain geomorphology and environmental change
High-mountain areas are particularly sensitive environments, their components serving as early
indicators for changes – or, on the long term, fluctuations – of the climate. Such indicators include
snow, glaciers, permafrost, ecosystems and the water cycle (e.g., Beniston, 2003; Huber et al.,
2005).
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Globally, the evidence for an accelerated retreat of the glaciers over the previous decades is overwhelming. This concerns the tropics (e.g., Kaser 1999), humid and arid mid-latitudes (e.g., Lambrecht and Kuhn, 2007) and the polar regions (e.g., Cook et al., 2005). Climate warming is most
likely responsible for much of the observed retreat (IPCC, 2007, 2013).
The fluctuation of glaciers often results in the formation of glacial lakes (Tweed and Russell, 1999).
Some of these lakes are prone to sudden outbursts (Glacial Lake Outburst Floods or GLOFs) which
may be triggered by a variety of factors (e.g., Tinti et al. 1999; Richardson and Reynolds, 2000;
Iturrizaga, 2005; Haeberli et al., 2010b). GLOFs often have a highly destructive potential because a
large amount of water is quickly released, potentially leading to a powerful flood or even debris
flow with a long travel distance. GLOF events are documented for various mountain areas such as
the Himalayas of Nepal and Bhutan (Bajracharya et al., 2007), the Karakorum (Wang et al., 2009),
the Tien Shan (Narama et al., 2010), the Andes (Harrison et al., 2006; Haeberli et al., 2010b) and
the western Alps (Huggel et al., 2002).
Even though glacier fluctuations are probably the most obvious environmental changes in highmountain areas worldwide, also the degradation of alpine permafrost plays an important role, also
with regard to hazardous processes such as mass movements (e.g., Haeberli et al., 1990, 1993;
Kääb et al., 2005, 2007; Fischer et al., 2006).
As climate change is accelerating rather than slowing down (IPCC, 2013), the knowledge on the
state of the high-mountain environments has to be updated continuously. Whilst some highmountain areas, such as the Himalayas or the western Alps, are the subject of numerous recent
studies, other areas such as the Pamir in Central Asia show a poor record of recent research activities and therefore a lack of knowledge of what is going on.
The perception and mitigation of environmental changes and related hazards is strongly influenced by the local societal and political background. Studies on these issues were conducted e.g.,
for the European Alps (Behringer et al., 2000), the Pamir of Afghanistan (Kassam, 2009), the Himalayas of Nepal (Byg and Salick, 2009) and the Cordillera Blanca in Peru (Carey et al., 2005). However, there is a need for more comparative studies across mountain ranges of regions with varying
cultural background.

1.1.2 Physically-based modelling of mass movement processes
Innovative applications of modelling techniques developed on the basis of the open source GIS
platform GRASS GIS (Neteler and Mitasova, 2007; GRASS Development Team, 2014) are the central focus of this research field. The software tools developed are summarized in Appendix B3.
Firstly, I am interested in modelling the spatial probability (i.e., the susceptibility) of landslides
(Guzzetti et al., 1999; Van Westen, 2000; Guzzetti, 2006; Van Westen et al., 2006). Physicallybased models – most often, infinite slope stability models coupled with hydraulic models (e.g.,
Wilkinson et al., 2002; Van Westen et al., 2006; Muntohar and Liao, 2010) are commonly used for
exploring the susceptibility of small catchments to shallow landslides. These models are straight-
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forward to use in a raster-based GIS, a fact that has eased their widespread distribution (Montgomery and Dietrich, 1994; Burton and Bathurst, 1998; Pack et al., 1998; Baum et al., 2008, Van
Westen and Terlien, 1996; Xie et al., 2004a; Godt et al., 2008). However, some major challenges
remain: (i) Modelling deep-seated landslide susceptibility requires methods more difficult to implement with GIS than the infinite slope stability model and remains a challenging task. Few attempts of spatially distributed modelling of deep-seated landslides for areas larger than a single
slope are documented (Reid et al. 2000; Xie et al., 2003, 2004b,c, 2006; Marchesini et al., 2009; Jia
et al., 2012). (ii) The spatial distribution of geotechnical parameters is highly uncertain, calling for
appropriate methods to deal with these uncertainties. (iii) More complex models are computingintensive, and applying them to large areas requires appropriate computing strategies.
Secondly, I am interested in avalanching flows of rock, debris or snow. Advanced theories were
developed to understand and model these types of mass movements (e.g., Savage and Hutter, 1989;
Takahashi et al., 1992; Hungr, 1995; Iverson, 1997; Pudasaini and Hutter, 2003; McDougall and
Hungr, 2004, 2005; Pitman and Le, 2005; Pudasaini et al., 2005a,b; Pudasaini, 2012). These theories, however, are often hard to use in practical applications so there is a gap between advanced
knowledge and model applications used in practice, often building on the simpler Voellmy (1955)
Model (e.g., Christen et al., 2010a, b). Whilst the rule that simple and evocative models are most
useful (Box and Draper, 1976) partly also applies to mass flows, there is need for an application of
more advanced theories in order to better predict impact areas, velocities and energies of possible
future events.

1.1.3 Broad-scale mapping of mountain phenomena
This field explores the chances and limitations of using GIS in combination with remotely sensed
data, statistical models and rule-based models for analyzing and mapping phenomena over areas
ranging from a few square kilometres up to 100,000 km². Such phenomena include (i) mean annual and seasonal precipitation, (ii) the distribution of soil properties and (iii) high-mountain hazard
and risk indicators. Particularly with regard to the latter issue, the outcomes may serve as valuable
benchmarks on where to invest further resources for more detailed studies.
Statistical models, when applied in combination with GIS, often explore relationships obtained by
the overlay of maps and/or the interpolation of point data (e.g., Goovaerts, 2000 for precipitation
mapping; McBratney et al., 2006 for digital soil mapping; Rossi et al., 2010 for landslide susceptibility mapping). Even though the setup of this type of models requires some process understanding, the models themselves do not build on a physical basis. Rule-based models make use of matrices or decision trees derived from the outcomes of earlier investigations or on expert opinions
(e.g., Huggel et al., 2002, 2003, 2004a, b; Emmer and Vilímek, 2014; Nussbaumer et al., 2014 for
high-mountain hazards and risks; Nadim et al., 2006 for global-scale landslide susceptibility). Both
types of models may rely on data obtained by detailed field investigations, but also on globally
available remotely sensed spatial datasets (e.g., Jarvis et al., 2008).
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1.2 Governing questions
The issues raised in Chapter 1.1 lead over to a set of governing questions (Table 1.1) explored in
the Chapters 2–7. The synthesis of Chapter 8 evaluates the outcomes with respect to each of the
research questions defined in Table 1.1. The key methods used are discussed in detail in the Chapters 5 and 6, with the exception of the interviews and participative observations, introduced in
Pub. 11 (Appendix A11; see Chapter 1.3).
Table 1.1. Key questions associated to each of the research fields and methods used to explore the
questions. GF = geoscientific field work; LW = laboratory work; RS = remote sensing; CM = computer modelling; IP = interviews and participative observation. Filled blue circles indicate a major
relevance of the method; void blue circles indicate a minor relevance; void grey circles indicate a
certain relevance in the corresponding study, but the work was done by someone else.
Research field

1 High-mountain
geomorphology
and environmental change

2 Physicallybased modelling
of mass movement processes
3 Broad-scale
mapping of
mountain phenomena

Key questions
(i)

How do climatic changes reflect
themselves in changes of the
high-mountain environment
and associated hazards?

(ii) How are environmental changes perceived in different mountain areas?
(i)

LW

RS

CM

IP

○ ○ ● ○ ●

How far can GIS-supported
physically-based models be
pushed in terms of the complexity of the involved systems

● ○ ○ ●

At which scales and under
which circumstances are statistical and rule-based computer
models suitable to make valid
predictions?

○ ○ ● ●

(ii) How far can they be pushed in
terms of study area size?
(i)

GF

1.3 Study areas
A broad array of study areas is selected for addressing the research questions defined in Table 1.1.
These study areas are distributed over four continents (see Fig. 1.1) and range in size between
small catchments of <2 km² to mountain areas of approx. 100,000 km². Table 1.2 summarizes the
study areas, their sizes and the research carried out there. A detailed account of all the study areas
summarized in Table 1.2 would go beyond the scope of the framework paper. Therefore, I refer to
the publications associated to each study area.
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Table 1.2. Study areas the present work is based on. Filled circles indicate a major, void circles a
minor importance for the associated research field. Where the size is given in brackets, not all
aspects of the work cover the entire area. Please refer to Table 1.3 in Chapter 1.4 for the publications. Pub. 19, covering the entire Andean Region, is not listed.
Area (Country)

Size

European Alps and Apennines

Research field
(see Table 1.1)

1

Austria

(83,900 km²)

Tyrol Region (Austria)

39,600 km²

Stampfangertal and Längental
(Austria)

22.3 km² and
9.2 km²

Val Pola Rock Avalanche (Italy)

3.0 km²

Collazzone Area (Italy)

89.5 km²

Köfels Rock Slide (Austria)

Asian high mountains

●

16.8 km²

2

3

Publication(s)

●
●
○ ○
●
●
●

Pub. 9

●
●

Pub. 9

●
●

Pub. 16
Pubs. 1 and 4
Pub. 20
Pub. 7
Pubs. 15, 17 and
18

Tajikistan

(143,100 km²)

Dashtdara, Khavrazdara (Tajikistan)

11 km and
20 km along
valley bottom

●

Pub. 5

Mendoza Valley (Argentina)

Four catchments, 0.2–
2.3 km²

● ○

Pubs. 2 and 8

Pamir (Tajikistan, Kyrgyzstan,
Afghanistan)

Andean Region

Cuenca Río Las Piedras, Cinturón Andino Biosphere Reserve (Colombia)
Cape Mountains

Grootbos Nature Reserve
(South Africa)

(100,000 km²)

10 farms distributed over
58 km²

●

17 km²

○

Pubs. 6, 9, 10, 14

Pub. 11

Pub. 3
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Fig. 1.1 Location of the study areas listed in Table 1.2.

1.4 Compiled publications
Table 1.3 Compiled publications. Those articles which are published, in press or accepted for publication are written in blue colour, those published as a discussion paper, submitted for publication, or being in a final stage of preparation are written in red colour (status of 14 November
2014). Articles published or intended to be published in journals listed in the Science Citation
Index Expanded (SCIE) are written in bold letters. The columns to the right refer to the three research fields defined in Chapter 1.1: filled circles indicate a major relevance of the publication;
void circles indicate a minor relevance. References to the publications throughout the work use
the IDs (e.g., Pub. 1 refers to Mergili et al., 2006). The publications are collected in Appendix A;
my full publication list is provided in Appendix B2.
ID

Publication

1

Mergili, M., Geitner, C., Moran, A., Fecht, M., Stötter, J., 2006. SOILSIM, a GIS-based framework for data-extensive modelling of the
spatial distribution of soil hydrological characteristics in small alpine catchments. In: Strobl, J., Blaschke, T., Griesebner, G., eds. Angewandte Geoinformatik 2006 – Beiträge zum 18. AGITSymposium, Salzburg, 5–7 July 2006, 444–453.

2

Mergili, M., 2007. Stereo matching of terrestrial digital photographs
- an alternative for the generation of high-resolution DEMs in situations of poor data availability? In: Car, A., Griesebner, G., Strobl, J.,
eds. Geospatial Crossroads @ GI_Forum – Proceedings of the First
Geoinformatics Forum, Salzburg, 4–6 July 2007, 110–119.

Research field
(see Table 1.1)
1

2

3

●

○ ○
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3

Mergili, M., Privett, S., 2008. Vegetation and vegetationenvironment relationships on Grootbos Nature Reserve
(Western Cape, South Africa). Bothalia 38, 89–102.

4

Geitner, C., Mergili, M., Lammel, J., Moran, A.P., Oberparleiter, C.,
Meißl, G., Stötter, J., 2009. Modelling peak runoff in small Alpine
catchments based on area properties and system status. In: Veulliet, E., Stötter, J., Weck-Hannemann, H., eds. Sustainable Natural
Hazard Management in Alpine Environments, 103–134. Springer.

5

6

Mergili, M., Schneider, D., Worni, R., Schneider, J.F., 2011. Glacial
Lake Outburst Floods (GLOFs): challenges in prediction and modeling. In: Genevois, R., Hamilton, D. L., Prestininzi, A., eds. Proceedings
of the 5th International Conference on Debris-Flow Hazards Mitigation: Mechanics, Prediction and Assessment, Padua, Italy, 14–17
June 2011. Italian Journal of Engineering Geology and Environment
– Book, 973–982.
Mergili, M., Schneider, J.F., 2011. Regional-scale analysis of
lake outburst hazards in the southwestern Pamir, Tajikistan,
based on remote sensing and GIS. Natural Hazards and Earth
System Sciences 11, 1447–1462.

○

○
○

○ ●
○

●

7

Mergili, M., Schratz, K., Ostermann, A., Fellin, W., 2012. Physically-based modelling of granular flows with Open Source GIS.
Natural Hazards and Earth System Sciences 12, 187–200.

●

8

Mergili, M., Fellin, W., Moreiras, S.M., Stötter, J., 2012. Simulation of debris flows in the Central Andes based on Open Source
GIS: Possibilities, limitations, and parameter sensitivity. Natural Hazards 61, 1051–1081.

●

9

Mergili, M., Kopf, C., Müllebner, B., Schneider, J.F., 2012. Changes of the cryosphere in the high-mountain areas of Tajikistan
and Austria: a comparison. Geografiska Annaler, Series A 94,
79–96.

●

10

Mergili, M., Müller, J.P., Schneider, J.F., 2013. Spatio-temporal
development of high-mountain lakes in the headwaters of the
Amu Darya river (Central Asia). Global and Planetary Change
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1.5 Structure of the framework paper
The purpose of the framework paper is not to recite the content of the compiled publications (see
Table 1.3). Instead, it represents an attempt
1. To build a general framework over the work compiled;
2. On the basis of this framework, to shed light onto the relevant topics from different perspectives and to put them into a larger context (Chapters 2–7);
3. To conclude with a synthesis of all publications and the framework paper (Chapter 8).
It is acknowledged that the work presented and discussed is far from resolving all the research
questions in the relevant fields. Therefore, a particular focus of the framework paper shall be put
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on highlighting and discussing the challenges to be attacked in the future. Some of these challenges are covered by an ongoing project (see Appendix B4).
Whilst it is not the purpose of the framework paper to introduce completely new issues, compared
to the original publications, it should foster further discussion by opening up new perspectives on
the research presented. In this sense, I have included a number of statements representing my
personal (and therefore subjective) experience. The publications rather assume the views of the
detective and the professor in Fig. 2.1. The framework paper, in contrast, attempts to assume the
view of the helicopter pilot. In order to avoid the pure recitation of the content of the publications
listed in Table 1.3, the framework paper is not structured in the manner of a scientific article. Instead, I follow an alternative approach by confronting the reader with fields of tension constructed
between pairs of key terms.
Fig. 1.2 shows an attempt to organize some of the key concepts of the present work by introducing
six pairs of terms. The relevance of each of the twelve terms in each of the compiled publications
(see Section 1.2) is scored on an ordinal scale from 0 – 3. Each publication is weighted according to
its importance: SCIE publications receive a weighting factor of 2; all other publications receive a
weighting factor of 1. The sum of all scores over all publications is shown in Fig. 1.2. Each pair
may be interpreted as antagonistic or as complementary terms. The choice, arrangement and scoring of the terms shown in Fig. 1.2 is done in a purely subjective way, with the only purpose to
create a basis for structuring of the framework paper.

Fig. 1.2. Spider web diagram introducing six pairs of terms and illustrating the importance of each term within the context of the treatise. Each term receives its
score from its relevance in the publications summarized in Table 1.3 (see text for
further explanation). The pairs of terms build the basis for the Chapters 2 – 7.
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2 Social scientific and natural
scientific views

Maybe no other field includes both natural scientific concepts and social scientific concepts in
parallel and together more than geography. Whilst some scientists propagate a separation of human and physical geography, others conduct worthwhile efforts to integrate both parts of the discipline, arguing that it is exactly this integration making geography particular. Whilst the latter
approach, in my opinion, is certainly the future, it also faces severe problems in terms of contrasting philosophies which are not antagonistic, but maybe rather complementary than easy to
integrate.
As indicated by Fig. 1.2, most publications of the present compilation clearly assume a natural
scientific point of view, even though Pub. 11 assumes a social scientific point of view. Further,
many of the research issues may be considered in a broader context where both philosophies contribute valid and useful concepts. For this purpose, I first try to introduce and to compare some of
the basic concepts of the two philosophies, and then make an attempt to approach some of the
relevant research fields – seen from a natural scientific viewpoint in the publications – from a social scientific perspective. Comparing the outcomes with the findings of Pub. 11 will help to illustrate the gain of insight into a phenomenon when considering multiple aspects.
In this chapter I will open up a number of issues to be further discussed in the Chapters 3–7.

2.1 The rationales of natural and social sciences
Social scientific research focuses on multiple aspects of society and on the relationships and interactions between groups or individuals of a society. In their broad sense – as understood in the context of the present treatise – social sciences also include the humanities. In other words, they analyze social systems (see Chapter 3). Social sciences use a broad spectrum of qualitative and quantitative methodological approaches. With regard to geographically relevant social scientific research, quantitative methods are used at a broad scale e.g., for demographic studies. Qualitative
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methods build on interviews, participative observation (Pub. 11) or the interpretation of texts.
Here, the perception of individuals plays the central role (see Chapters 3 and 7). Qualitative and
quantitative analyses are often combined, and mathematical models of various types are used to
better understand complex social phenomena (see Chapters 5 and 6).
Natural scientific research traditionally builds on the systematic interpretation of observations of
phenomena in nature i.e., it analyses geo- and ecosystems in the sense of Chapter 3. Modern natural science primarily relies on quantitative analyses such as measurements, physical, chemical or
biological experiments and the use of computer models (see Chapters 5 and 6).
Whilst some methods are characteristic for either natural or social scientific research, others are
commonly used in both fields. Statistical models (see Chapters 5.2 and 6.2) are equally important
in natural and social sciences. Therefore, the methods used cannot be taken for characterizing
social and natural sciences. Equally, the phenomenon under investigation is not a valid criterion as
phenomena may be approached from different directions (see Chapter 4). Social scientific and
natural scientific approaches are chiefly characterized by the perspectives they assume on a phenomenon (Fig. 2.1) i.e., by the way the system the research is based on is designed and by the
choice of the central components and interactions of the system. In Chapter 3 we will learn more
about typical components and interactions of social and natural systems.

Fig. 2.1. Different perspectives may result in different findings. The
shape and symbologies of the object of interest do not have a specific meaning, but are considered useful for illustration.
In practice, the transition between natural scientific and social scientific research is gradual rather
than sharp. Geography claims to bridge the gap between the two disciplines. Most articles of the
present compilation can be clearly assigned to one of the two philosophies, with Pub. 11 repre-
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senting the only one following a social scientific approach. Pub. 14 considers aspects of land use in
presenting an approach for risk indication mapping over large areas. However, as it focuses on the
spatial patterns of land use classes, mapped from satellite imagery, rather than on the interactions
in the social systems, Pub. 14 clearly assumes a natural scientific perspective.

2.2 Climate change – a multi-dimensional issue
Commonly, climate change is understood as changes of the average atmospheric conditions over
decades and centuries, with all their consequences on the magnitude and frequency of extreme
events. Past climate change can be quantified statistically from measurements, future climate
change can to some extent be predicted by climate models, based on specific scenarios (IPCC,
2013). Further, there is broad agreement that today’s climate change – mainly characterized by
increasing air temperature – is related to anthropogenic causes, suggested by well-established
quantitative relationships (Myhre et al., 2013).
This is the natural-scientific viewpoint. People hardly directly experience climate change as rising
temperature averages or changing precipitation averages as the long-term trends are obscured by a
high level of noise. Even though extreme events such as heat waves, storms or floods may increase
in frequency and magnitude due to climate change (Beniston and Stephenson, 2004), it is problematic to attribute specific events to climate change from a natural scientific perspective. However, they may be attributed to climate change in the public perception.
The perception of today’s climatic and environmental changes is strongly influenced by public
awareness and, therefore, by the media. Leiserowitz (2008) noted that, in the United States, the
concern for climate change issues was fluctuating according to the key issues of public awareness.
He further identified a poor level of knowledge with regard to the triggers, but a high level of
awareness on the key strategies for reducing global warming. Whilst, in developed countries with
intense consumption of information media, the awareness of climate change was very high in
2006, at the same time the awareness was rather poor in developing countries, particularly in
those with an Islamic background (Leiserowitz, 2008). In contrast, the impact of climate change is
more pronounced in developing countries (Schneider et al., 2007; see Chapter 7.3). However, lacking knowledge on the global trends does not prevent local actors from adapting to the consequences of climate change (Leiserowitz, 2008). Mountain farmers in the Andes of Colombia succeed in growing crops at higher elevation than their grandparents did (Pub. 11; see Chapter 2.3).
However, one may hypothesize about the reason the mountain farmer came to the idea to grow
crops at higher elevation. Maybe she heard in the radio or through communication in her social
networks that it would be possible? Or was it just trial and error?
The perception of climate change and, of course, of other phenomena may also be influenced by –
political or economic – interest groups, able to direct research through funding policies (Kleinman
and Vallas, 2001). Powerful actors can further exert influence on which research results are transported to the public in which way (McCright and Dunlap, 2011). The American Conservative
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Movement has successfully hampered the implementation of climate protection policies through
rejecting research results due to lacking agreement among different studies. Even though controversy is immanent to scientific research, the perception of lacking scientific agreement on a topic
can be used as a tool to decrease the acceptance of mitigation measures and therefore slow down
efficient government actions (McCright and Dunlap. 2010; McCright et al., 2013). On the other
hand, also scientific communities represent social systems governed by the rationales of the key
actors (Braun, 1998).

2.3 High-mountain environmental changes and related
hazards
Mountain areas are highly important with regard to water and energy resources, diversity of species and ecosystems, recreation, but also natural hazards and risks. They are particularly susceptible to environmental degradation and climate change (Beniston, 2003; Huber et al., 2005).
The Pubs. 5, 9, 10 and 14 deal with environmental changes in Central Asian high-mountain areas
and with related hazards. Pub. 14 further attempts to evaluate possible impacts on the society,
employing a rule-based approach (see Chapters 5.2 and 6.3). These pieces of research are clearly
natural-scientific, making use of remote sensing methods and computer modelling for the investigation of phenomena of the natural environment such as glaciers, glacial lakes and certain types of
mass movements – the focus are not the social systems, but the geosystems (see Chapter 3). The
Chapters 3, 4, 5 and 6 will elaborate those issues from a natural scientific perspective.
Keeping in mind the considerations of Chapter 2.2, I will now try to shed light on environmental
changes and hazardous processes in high-mountain areas from a social scientific viewpoint, mainly
focusing on how changes/hazards are perceived by the local population and stakeholders. One
may expect that the perception of – and also the adaptation to – environmental changes, and the
management of related hazards, risks and chances is a function of the local societal and political
background. Studies with regional foci have been published e.g., for the European Alps (Behringer et al., 2000), the Pamir of Afghanistan (Kassam, 2009), the Himalayas of Nepal (Byg and
Salick, 2009) and the Cordillera Blanca in Peru (Carey et al., 2005).
I will now focus on the Pamir of Tajikistan. Besides numerous observations and open interviews
by my colleagues and myself during extended journeys to Tajikistan, I will use the work of Kassam
(2009) as reference. Comparatively, I will make use of a publication by Carey (2005) and of
Pub. 11, considering the administrative and socio-economic aspects of environmental changes and
geohazards in two parts of the Andean Region.
The mountains of Tajikistan represent an economically challenged high-mountain region with
low income and poor infrastructures (Fig. 2.2). The population largely depends on irrigated agriculture (see Fig. 2.2a). Many infrastructures go back to Soviet times (before 1992) and are in a state
of deterioration due to poor maintenance and lacking investments. This is particularly true for the
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Gorno-Badakhshan Autonomous District (GBAO), largely identical in extent with the mountain
ranges of the Pamir, culminating at 7,495 m asl (Ismoili Somoni Peak). There, the main valley of
the Panj River, one of the major tributaries of Amu Darya (see Chapter 3.3), forms the border between Tajikistan and Afghanistan (see Fig. 2.2b). As the majority of the inhabitants of the GBAO
commit themselves to the religious group of the Ismailites, the Aga Khan Development Network
(AKDN) and its affiliated organizations are prominent actors. Caring for the provision of various
services, the acceptance of these NGOs is higher than the acceptance of the central government in
Dushanbe, 16 hours drive away (Figs. 2.3 and 2.4a). FOCUS Humanitarian Assistance, an affiliate
of the AKDN, is the main actor with regard to the management of risks from natural hazards in
the area. Lacking governmental investments in the infrastructures also affect basic scientific services such as hydrological and meteorological stations. The network has thinned since independency of Tajikistan in 1992, and the key meteorological station at the Fedchenko Glacier, which
would be essential to know about the high-mountain climatic conditions, is not in service any
more (see Fig. 2.4b).

Fig. 2.2. Cultural landscapes and infrastructures in the mountains of Tajikistan. a Village on the Afghan side of the Panj River, depending on irrigated agriculture (see Chapter 3) and threatened by mass movements.
b Panj River Valley, separating Afghanistan (left) and Tajikistan (right).
c Main road in the Zarafshan Valley. This section of the road is frequently affected by debris flows.
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The environmental changes investigated in the Pubs. 9 and 10 are not so much experienced in a
direct way by the local population, but rather in their consequences relevant for everyday life.
According to the human ecological study by Kassam (2009), the following observations were made
by the villagers:
1. Increased river runoff, leading to the loss of arable land due to frequent flooding. In addition, the water temperature seems to be lower than before. This observation indicates an
increased amount of glacier melting.
2. Increased spring precipitation (as rainfall), affecting the physical integrity of the buildings.
Structures in that area are traditionally designed for coping with snow rather than with
water.
3. Changing precipitation patterns: precipitation would now be concentrated to a few days,
leading to the increased occurrence of rainfall-triggered snow avalanches and rock slides.
4. Possibility to grow wheat at higher elevation, where barley was previously grown. However, Kassam (2009), also suspects that changing preferences have contributed to the increase of wheat production.
5. In contrast, some other species such as fruit trees cannot be grown at high elevation, maybe due to an insufficient number of chilling days.
6. Further, the infestation of crops with parasites would increase.
7. The weather would not be predictable any more.
Kassam (2009) further reported that the villagers on the Afghan side blame construction activities
on the “Soviet” (i.e., the Tajik) side for the environmental changes observed.

Fig. 2.3. Two key actors in the Pamir of Tajikistan: a The national government, represented by the president Emomali Rahmon. b Aga Khan,
represented by the affiliates of the AKDN.
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Fig. 2.4. a Government official inspecting a slope crack in the Zarafshan
Valley, Tajikistan. The Zarafshan Valley is located much more closely to
the national capital Dushanbe than the Pamir, with a higher level of presence of government actors in risk management. b Gorbunov Meteorological Station, located at 4,170 m asl in the Pamir.
Observations indicate that the local communities are reasonably well adapted to high frequencylow magnitude mass movements such as small rock falls or debris flows (see Chapter 4.3). In contrast to (post)-modern urban societies, the oral tradition still seems to play a prominent role for the
knowledge on and the experience with hazardous phenomena (see Chapter 7.4). Former catastrophic events (hundreds of years ago) are often known through lore. The awareness of disaster
risk, however, largely concentrates on specific events of the younger history. The preparedness to
low-frequency, high-magnitude events is therefore limited. Such events may consist in glacial lake
outburst floods (GLOFs). In the Pamir, GLOFs occur infrequently, but in case they occur, they
may cause considerable damage (Pubs. 5, 6, 9, 10 and 14). Local people are hardly aware of long
travel-distance “remote” high-mountain geohazards. In the last 20 years, only two significant
GLOFs are documented in the Pamir. The 2008 Garm-chashma Event caused minor damage to
bridges and roads. The 2002 Dasht Event, however, destroyed an entire village, claiming dozens of
lives (Pub. 5). The Dasht Event was the starting point for remote geohazard awareness in the Pamir. On the one hand, it raised public awareness, mobilized funds and was the starting point for a
series of research projects to identify hazardous lakes in the Pamir (see Appendix B4; Pubs. 5, 6, 9,
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10 and 14). On the other hand, the place of Dasht became a symbol for disaster risk from natural
hazards. In summer 2009, seven years after the event, I was asked in an interview for the local
television for the level of risk in Dasht now. In fact, there is no more significant lake upstream and
only few people in the village – but the level of awareness is still higher than in other places with
potentially hazardous lakes upstream.
In villages without such a dramatic history, people usually know the headwaters of their valleys,
but are not aware of possible hazards. In the case of a valley with a large rock-glacier dammed lake
upstream, the villagers wanted to deny our team of researchers to enter the valley with the justification that it would be a “secret valley”. On the other hand, people know how to interpret immediate warning signs. In the case of the 2002 Dasht Event, people in the opposite village of Baroj
were alarmed by the rumbling of the debris flow and managed to warn some of the inhabitants of
Dasht, preventing an even higher death toll.
Carey (2005) emphasized that glacier disasters have a natural and a socio-economic aspect, analyzing historical cases of ice avalanches and lake outburst floods in the Cordillera Blanca, Perú. He
identified a lack of trust in government and science as the main reason for the high death toll due
to this type of events since 1941. People were disappointed by rapidly changing governments neither improving the livelihood nor decreasing poverty. Risk management strategies such as the
relocation of communities to safe places – attempted in several cases – were not accepted (see
Chapter 7.3). Of course, the perception of local villagers with a strong binding to their home differs from the perception of a planner (Carey, 2005). Comparable studies are lacking for the Pamir.
However, oral communication reveals that more or less forced resettlements have occurred also
here, followed by successful attempts to illegally return to their home villages. Loy (2006) reports
forced resettlements from the Tajik mountains to the lowlands during Soviet times, justified officially by landslide hazard.
The communities in the Pamir, though strongly influenced during Soviet times, still build a lot on
traditional indigenous knowledge and belief (Kassam, 2009). This phenomenon is common for
many mountain communities in the world and – to some extent – also visible in highly developed
mountain areas such as the European Alps. Even more, it is valid for the Andean cultures of South
America, as nicely described by Stadel (2001). A traditional system of mutual relationships (reci-

procidad) builds the basis for social interactions and for interactions with the environment (represented to some extent by the goddess pachamama). The centre of this culture consists in the Andean regions of Bolivia, Ecuador, Perú and partly Colombia even though also there, the social systems are strongly influenced by global societal trends (Stadel, 2001; Fig. 2.5).
Interestingly, even though associated to a completely different climatic, biogeographic and cultural context, the problems perceived by mountain farmers in Colombia largely resemble those perceived by the communities in the Pamir. The environment in the Andes of Colombia is comparable to the Pamir just in terms of political instability, which has decreased over the previous decade
only. Within a student project, interviews and participative observations of mountain farmers
were carried out in the Cinturón Andino Biosphere Reserve in the Central Cordillera of Colombia
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(Pub. 11): groups of two to six students have shared the houses and the daily lives of rural families
in the study area for a period of two days each. According to this study, the following impacts of
climate change are perceived by the population of the Cinturón Andino:
1. The weather is more difficult to predict than before.
2. The rainfall is more concentrated in time, resulting in the occurrence of landslides.
3. Higher limits of crops. In contrast to the Pamir it is coffee and banana (Fig. 2.6) that can
now be cultivated at higher elevation.
4. Infestations with parasites.
5. Seasons are not as they were before.
These points cover virtually all the aspects also identified for the Pamir by Kassam (2009), except
for the runoff issue. Runoff is not that important in the much more humid Cinturón Andino Biosphere Reserve.

Fig. 2.5. Changing life styles in the Ecuadorian Andes. a Traditional livelihood near to Chimborazo. b The urban agglomeration of Quito.
The above comparison uncovers an unexpected level of resemblance of the perception of environmental changes in contrasting regions of the world. However, here I cannot finally answer the
question whether the similar perceptions in the Pamir and in the Cinturón Andino are a result of
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pure observation and personal experience, or a result of taking over – directly or indirectly – the
global opinion from the media (see Chapters 2.2 and 7.3).

Fig. 2.6. These banana trees in the Río Las Piedras Catchment, Cinturón
Andino Biosphere Reserve, Colombia, may be considered as winners of
climate change.

2.4 Concluding remarks
Both in the Pamir and in the Cinturón Andino, adaptations to changes in the natural environment
– with regard to chances as well as to risks, see Chapter 7 – are mainly the products of interactions
between the population and Civil Society Organizations (Pub. 11; Kassam et al., 2009). The role of
the national and regional authorities is of secondary importance. In the Cordillera Blanca of Perú,
distrust to governmental actions was identified as a reason for increased vulnerability (Carey,
2005). Pub. 11 reveals that the communities in the Cinturón Andino are able to reasonably adapt
themselves to the challenges perceived in combination with climate change. In the case of the
Pamir, this type of observation can neither be confirmed nor rejected. More research would be
necessary to shed light on the level of climate change adaptation in this remote area of the world.
Even though this treatise takes a primarily natural-scientific point of view, the present chapter
illustrates the gain for the understanding of an issue through alternatively assuming a socialscientific viewpoint. It is shown that – despite completely different physical environments – the
problems perceived by the population are almost identical. Environmental changes, natural hazards and their perception are never only a consequence of the natural conditions, but also – and in
particular – products of social systems (see Chapters 3 and 7).
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3 Geosystems and ecosystems

Elucidating the concept of systems – the most fundamental concept in science – is useful as a basis
for the later discussions on modelling (Chapters 5 and 6). It is convenient to differentiate between
social systems and natural systems, even though they are often strongly interrelated. The formerly
common view that the natural systems set the scene for the society is largely rejected by modern
science as environmental determinism. Modern and post-modern societies rather try to reshape
the natural systems to meet their needs.
In Chapter 2 I have discussed the issue of social scientific and natural scientific viewpoints, stating
that the present work primarily assumes a natural-scientific perspective (see Fig. 1.2). Assuming
this perspective, I would now like to explore the differences between the mode of operation of
social systems and the mode of operation of natural systems. I will further explore how different
types of natural systems such as abiotic systems (referred to as geosystems), systems with interacting biotic and abiotic components (ecosystems), and mixed natural and social systems work. Characteristic types and rates of spatio-temporal changes observed in all types of systems are explored
and compared. Even though the focus of the present treatise is put on geosystems, also the other
types of systems are broadly considered (Pubs. 1, 3, 4, 8 and 11). In this sense, the work presented
in the publications is put into a larger context.

3.1 Systems
A system can be described as a set of components, interacting directly or indirectly in some way.
Open systems interact with other systems (their environment), closed systems do not. Scientific
work in general can be described as the analysis of systems, system components and their interactions (Ahnert, 1996). Whilst the systems theory was developed from a biologic viewpoint (von
Bertalanffy, 1950, 1951), its principles are valid for all fields of science. The types of components
differ from one subject to the other.
Systems never exist by themselves, but are always the result of a generalization of reality, with the
purpose to facilitate understanding a phenomenon or to solve a problem. Defining an appropriate
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system is a precondition for the development and application of computer models (see Chapters 5
and 6). The discretization of systems into system components and interactions is therefore a question of research focus and scale. If we consider a landslide (see Chapter 4.1), it can be seen
•

as a system, appropriate for detailed-scale studies of a specific landslide;

•

as a system component, useful when studying landslides observed in a catchment;

•

as a system interaction e.g., when estimating a sediment budget, moving material from one
system, subsystem or system component to another.

This issue is closely related to the type of system considered. Systems of landforms and materials
represent static systems, systems of processes represent process systems, and systems including
both concepts represent process response systems (Chorley and Kennedy, 1971; Ahnert, 1996).
Landslides as well as many other geomorphic phenomena may be seen both as landforms and as
processes.
Medium-scale systems are often most useful for questions of geographic relevance (Fig. 3.1):
•

geosystems, for the description of the abiotic world (lithosphere, hydrosphere, cryosphere
and atmosphere);

•

ecosystems, putting biotic components and interactions on top of geosystems i.e., including the biosphere;

•

social systems, focusing on social, political and economic actors and interactions (anthroposphere).

Whilst a human may well be considered as a system in medicine, it might be more relevant for
geographic issues to consider her or him as a component (actor, communicator) of a social system.
Equally, the solar system will be the environment of geographically relevant geo- and ecosystems
rather than a system component. Geo- and ecosystems are considered part of the environment of
social systems. Equally, social systems are important components of the environment of most geoand ecosystems. Many phenomena, however, can only be described by mixed systems of closely
interrelated social, geo- and eco-subsystems (see Chapters 3.3 and 3.4).
The complexity of systems increases from geo- to eco- and social systems. Landforms, materials
and their properties, physical and chemical processes are used to describe geosystems whilst organisms and biological processes are additional components of ecosystems. Ecosystems are therefore characterized by relationships between organisms, and relationships between organisms – or
systems of organisms – and the abiotic system components. Even when considering only the relationships between biotic and abiotic system components – i.e., a plant and the water in the soil –
we have to consider biological processes. Even though they build on physical and chemical processes, biological processes are more difficult to understand. However, the complexity further increases when it comes to the interaction between biotic system components, governing the functioning of most ecosystems. Five basic relationships between organisms are distinguished
(Reece et al., 2011; Table 3.1). Whilst some of these relationships are positive for both organisms
involved, others have a neutral or negative influence on one organism (Fig. 3.2).
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Fig. 3.1. Different types of systems. a Geosystem in the high Himalayas of
Nepal. b Ecosystem in the Hoh Rainforest, Washington State. c Sports
teams and events are examples of social systems.
Competition and symbiosis often concern abiotic resources such as CO2, nutrients, light or water
(see Table 3.1). The distribution of species and ecosystems is commonly determined by interactions such as competition or symbiosis. Scots pine (Pinus sylvestris) is able to deal with a broad
range of abiotic conditions. Other tree species are more competitive, but also more sensitive to the
abiotic conditions. Therefore, scots pine mainly thrives in areas with comparatively unfavourable
abiotic conditions (Ellenberg and Leuschner, 2010). The distribution of arolla pine (Pinus cembra)
is closely related to the distribution of a bird species distributing its seeds (Reisigl and Keller,
1999).
Biotic interactions make ecosystems more complex and more difficult to understand in a quantitative way than geosystems (see Chapters 5 and 6 for modelling issues). Even though physicallybased models (see Chapter 5) have been developed for specific interactions, such as the LotkaVolterra Model of prey-predator relationships (Lotka, 1910; Goel et al., 1971), they commonly fail
to adequately reproduce the observed phenomena due to the interdependence of different interactions. Relating the distribution of ecosystems to abiotic factors (whether considered as system
components or the environment) often makes use of statistical approaches (Pub. 3; see Chapter 6.2).
In the late 19th and early 20th century, there was a trend to impose concepts developed for ecosystems, such as the evolution theory (Darwin, 1859), upon social systems (social Darwinism, survival

of the fittest). These ideas are outdated. In contrast, social systems are considered to build on actions (Parsons, 1951) or on communication (Luhmann, 1982). A social system may be a national
state, a region, an enterprise, a football team, a group of terrorists or any other class of interrelated
humans.
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Table 3.1. Interactions of biotic ecosystem components (organisms), modified after Reece et al.
(2011). + means a positive influence, o means a neutral influence, - means a negative influence.
Relationship

Description

Type

Examples

Commensalism

One organism profits whilst
the other one is not significantly affected

+/o

A whale carries a barnacle, or a
mosquito carries an infectious
disease without being harmed

One organism (the predator
or herbivore) consumes another organism (prey)

+/-

Symbiosis

Competition
Predation
Parasitism

Both organisms profit from
the relationship, e.g. by the
exchange of resources or
services

+/+

Two organisms compete for
resources (prey, light, water,
nutrients, space etc.)

+/-

One organism profits from
resources or services provided by another one which
is harmed this way

+/-

A bee pollinates a flower and
gets the honey (see Fig. 3.2a), a
fungus provides nutrients to the
roots of a tree and receives CO2

Trees compete for light in a forest, desert shrubs compete for
water
A snake consumes a mole, a
pitcher plant consumes a fly, lions consume an antelope (see
Fig. 3.2b)
Fleas and lice eating the blood
from mammals, a strangler fig
using another tree for reaching
the light

Fig. 3.2. Ecological interactions. a Symbiosis between a bee and fireweed
(Epilobium angustifolium), southern Norway. b Predator-prey relationship between lions and an antelope in the Masai Mara, Kenya.

3.2 Evolution and revolution
Organisms – and ecosystems – have to be adapted to their abiotic environment and to the biotic
interactions listed in Table 3.1. Evolution is a random process where those organisms adapted best
survive and reproduce and the others get extinct (Darwin, 1859). The quality of adaptation strongly depends on the environment. At a higher level of generalization, the evolution of ecosystems
tends towards equilibrium, e.g. the number of prey to support predators (Lotka, 1910; Goel et al.,
1971). This equilibrium may shift by changes in the system environment.
Also geosystems evolve, but in another way. Usually, they tend towards a state of dynamic equilibrium due to the predominance of negative feedbacks. Ahnert (1996) illustrates this phenome-
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non on the example of river bed erosion and sedimentation. The dynamic equilibrium may shift
due to a changing system environment such as the climatic conditions. In such a case, the system
will reach its new dynamic equilibrium after a relaxation time. Another example would be a glacier adapting to new climatic conditions by growing or shrinking.
The same concept can certainly be translated to ecosystems and probably also to social systems. In
most cases, the adaptation of the system to new boundary conditions will occur gradually and continuously. However, if the system is suddenly disturbed with a sufficient intensity, the dynamic
equilibrium may be disturbed and a catastrophic transition of the system may occur. Such a sudden disturbance could be lightning triggering a wildfire, an earthquake triggering a landslide, or
the death of a leader impacting a social system.
The antagonism evolution vs. revolution is mainly used with regard to social systems (e.g.,
Greiner, 1972), but equally suits for geo- and ecosystems. However, whether changes are to be
considered as evolution or revolution depends on the time scale considered. The ongoing climate
change (IPCC, 2013) appears as a revolution on a geologic scale, whilst it appears as an evolution
with regard to human lifetime. Both evolution and revolution can be reversible or irreversible,
even though also this terminology depends on the time scale considered. Whilst very long-term
processes such as plate tectonics are always irreversible, climate change may be reversible on the
very long term. Also ecosystems destroyed by a wildfire may regrow (see Chapter 3.4).
Considering natural hazards and risks, revolutions in the system – or the system environment –
inducing a hazardous process are known as triggering factors (Pub. 19). They act over a short time,
disturbing the equilibrium of the system. In the case of landslide processes (see Chapter 4.1),
earthquakes or extreme hydrological events such as intense or prolonged rainfall (Guzzetti et al.,
2004), intense snow melt or broken pipes or channels (Pub. 19) often act as triggering events. The
removal of an abutment, e.g. by river erosion or the construction of a road cut, may trigger landslides, too. In contrast, conditioning factors for landslide processes such as climate, slope angle and
vegetation change on longer time scales.
Table 3.2. Typical processes acting in different types of systems. All changes for geosystems are
also relevant for ecosystems.

Revolution
Cyclic
change

Evolution

Geosystems

Ecosystems

Social systems

Weather, tides,
freeze/thaw

Growth of leaves, flowers, fruits

Economic cycles of
growth/recession

Landslide, earthquake,
volcanic eruption, meteorite impact, extreme
weather event
Plate tectonics, climate
change

Birth, death, wildfire,
disease, extinction

Evolution, change of
species distribution

Birth, death, political
revolution, war

Migration, transition of
language or cultural
values, economic
growth/recession
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Fig. 3.3. Cyclic change of a geosystem. a Low tide and b high tide at the
Seine Estuary, northern France.
A third type of system changes besides evolution and revolution are cyclic changes which cannot
be clearly assigned to one of those two classes (Fig. 3.3). Cyclic changes are often related to the
rotation of the Earth (seasons, daytimes) and the Moon (tides). Table 3.2 summarizes typical examples of evolution, revolution and cyclic changes for social systems, geo- and ecosystems.
In the following chapters, I will employ two contrasting examples to show the interactions between geosystems, ecosystems and social systems.
1. Water in Central Asia (Pubs. 5, 6, 9, 10, 11 and 14), illustrating a complex interaction of
social systems, geo- and ecosystems over a large area.
2. Grootbos Nature Reserve (Pub. 3), illustrating an ecosystem-social system interaction.

3.3 Water in Central Asia
Pubs. 5, 6, 9, 10, 12 and 14 consider in detail the geosystems of Central Asian high-mountain areas, focusing on changes in these systems on the one hand, and on related hazards in the local and
regional context on the other hand. In the present chapter, I first attempt to analyze the highmountain geosystems for themselves. As the Pamir and the Tien Shan serve as water towers for
Central Asia, I will then try to put my research there into a larger context, considering the role of
water as a resource under stress.
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Fig. 3.4. Example of a high-mountain geosystem. Only those system components and interactions
mentioned in the text are shown. The system is discussed for the Pamir in Central Asia, but is valid for many high-mountain areas.
Most of central Asia is characterized by a continental climate with hot summers, cold winters and
a limited amount of precipitation. Topographically, the area can be roughly divided into two parts,
the heavily glacierized high-mountain areas of the Tien Shan and the Pamir, and the extended
lowlands north- and westwards. Some of the the main components and interactions characterizing
the high-mountain geosystem are put in relation in Fig. 3.4 and illustrated in Fig. 3.5. In a first
step, I neglect the ecosystems and social systems interacting with the geosystems.
The Pamir and the Tien Shan are characterized by large glaciers, developing towards an equilibrium with the climate (see Fig. 3.5a). Temperature and precipitation determine the equilibrium line
altitude (ELA) of the glaciers, separating the accumulation area and the ablation area (Pub. 16).
Flowing glaciers exert a pressure, eroding bedrock. This has led to the formation of large glacial
valleys during the Pleistocene, but also today’s smaller glaciers erode material which is transported
as till on the top, within and at the base of glaciers. Terminal moraines mark stages of glacial advance.
If the climate changes, the ELA rises or falls. This leads to larger or smaller ablation and accumulation areas. In order to reach a new equilibrium, the glacier advances or retreats. Pubs. 9 and 10
give an overview of the literature documenting the retreat of glaciers in mountain areas worldwide. In the Asian high-mountain systems, most attention is paid to the Himalayas (Bolch et al.,
2012). In Central Asia, the retreat of the glacier is better documented for the Tien Shan (Khromova et al., 2003; Aizen et al., 2006, 2007b; Surazakov and Aizen, 2006) than for the Pamir
(Khromova et al., 2006; Haritashya et al., 2009), a gap that was partly filled with Pub. 9. The retreating glaciers leave behind terminal moraines and forefields of undulating till. These are fa-
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vourable environments for the formation of glacial lakes, which have developed in large number
during the last few decades (Pubs. 6, 9, 10 and 14; see Fig. 3.5c). Other lakes have formed in depressions created by Pleistocene glaciers (Pub. 10).

Fig. 3.5. High-mountain geosystems of the Pamir. a Fedchenko Glacier. b Runoff from Oktyabrskiy Glacier in the Transalai Range. c Pro-glacial lake in the
headwaters of Varshedzdara, Shugnan Range.
Rising temperatures are further expected to lead to the retreat of permafrost, even though direct
evidence of such a trend is still limited. However, the decrease of potential permafrost areas may
be considerable during the next 100 years (Pub. 9).
Glacier and snow melt feeds the rivers in the area (Hagg and Braun, 2005; see Fig. 3.5b). River
discharge largely depends on (i) the amount of available ice or snow, (ii) the melt rate and (iii) the
presence and the effects of natural or man-made reservoirs upstream from the point of measurement. The retreat of glaciers is expected to yield a larger amount of melt water for a short time
period, with the supply decreasing afterwards (Martius et al., 2009). The Tien Shan was subject to
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a number of detailed studies with regard to mountain runoff (Agaltseva et al., 1997; Aizen and
Aizen, 1997; Aizen et al., 2007a).
Glacier and permafrost retreat and the associated fluctuations of river flow can be seen as more or
less continuous processes (system evolutions) as long as considering long-term averages rather
than short-term extreme events. However, high-mountain geosystems are also characterized by
sudden events induced by internal or external disturbances (system revolutions). In seismically
active areas such as the Pamir (Pub. 14; Giardini et al., 1999), earthquakes have triggered large
mass movements. In 1949, the Khait Earthquake triggered a rock avalanche and a system of loess
flows, claiming thousands of lives (Evans et al., 2009b). Mass movements may further create dams
by impounding rivers, which can drain suddenly (Pub. 12). In the Pamir, the safety of the Usoi
Dam, maybe the highest landslide dam worldwide (Fig. 3.6a), is highly disputed: it impounds Lake
Sarez since its formation during a major earthquake in 1911 (Schuster and Alford, 2004; Risley et
al., 2006). More recent landslide dams have formed farther southeast in the Karakorum (Pub. 12)
and in Kashmir (Dunning et al., 2007). The latter one has drained suddenly in 2010 (Pub. 12;
Konagai and Sattar, 2012). Outburst floods form large reservoirs may suddenly increase the river
flow far downstream and put large areas at risk (Risley et al., 2006).

Fig. 3.6. Perceived and experienced lake outburst hazards in the Pamir. a
Usoi Dam with Lake Sarez. b Debris cone formed by the sudden drainage
of a supra-glacial lake in 2002, destroying the village of Dasht.
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Also glacial lakes may be susceptible to sudden drainage, depending (i) on the properties of the ice
or moraine dams and (ii) on the susceptibility to be struck by a mass movement (Pubs. 6, 9, 10
and 14; Haeberli et al., 2010b). A particular issue consists in the ice content of the dam, strongly
influencing its stability (Haeberli et al., 2010a). The state of permafrost of the surrounding slopes
influences the susceptibility of the lake to a mass movement impact. Glacial lake outburst floods
(GLOFs) are characterized by potentially long travel distances, particularly when loose material is
entrained, converting the flood into a flow of debris or mud (Pubs. 5, 6 and 14). In 2002, the village of Dasht in the Shakhdara Valley was destroyed by a GLOF originating 11 km upstream,
claiming dozens of lives (Pubs. 5, 6 and 9; see Fig. 3.6b). Similarly to the glaciers, the state of
knowledge on hazardous glacial lakes was better for the Himalayas (Richardson and Reynolds,
2000) and for the Tien Shan (Bolch et al., 2011) than for the Pamir, a gap that was filled with the
Pubs. 6, 10 and 14.

Fig. 3.7. The town of Jirgital, Tajikistan. The supply of water for irrigation
strongly depends on the glaciers and the snow. The Surkhob River visible
in the left front drains to the Amu Darya.
Whilst catastrophic events exert sudden negative impacts on the social systems, the water originating from the glaciers is extremely important for daily life. This is true for the small-scale mountain communities in the upper valleys of Tajikistan and Kyrgyzstan (Fig. 3.7) as well as for largescale agricultural industries downstream. The melt water-supported rivers from the mountains
feed two large rivers, the Syr Darya and the Amu Darya, both flowing >1000 km north-westwards
and ending up in a depression far away from the mountains. The water inflow to this depression
once supported the fourth largest lake worldwide, the Aral Sea (Glantz, 2005). The natural runoff
regime strongly depends on the glaciers and snow in the mountains. Even though the contribution
of glaciers and snow to the river runoff strongly decreases with the distance from the mountains
(Kaser and Grosshauser, 2010), Viviroli and Weingartner (2004) give a proportion of mountain
discharge of >90% for the Amu Darya, without specifying in detail the point of measurement.
Research on climate-runoff relationships has very much concentrated to the mountain areas
themselves (Agaltseva et al., 1997; Aizen and Aizen, 1997; Aizen et al., 2007a), but to a lesser extent on the effects on runoff in the forelands. To summarize, the key components of the lowland
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geosystem are the Aral Sea, described by its physical properties, the two rivers, the lowland geosystem and the inflow from the mountains. Each of them can well be considered as subsystem
with its own components. The climate can be considered as the environment, influencing the
long-term state of the system as well as causing sudden disturbances (Fig. 3.8).
The climate mainly supports desert and semi-desert ecosystems, natural forests are largely restricted to riverine areas and some patches in the mountains. The most relevant ecosystem here is probably the aquatic ecosystem of the Aral Sea, once rich in fish (Micklin, 1988). The elements of the
food chain of the Aral Sea can be seen as the main components of the bio-ecosystem.

Fig. 3.8. Water issues in Central Asia as a system.
The Central Asian rivers were used for the irrigation of cotton fields already in the 19th century,
but the use of water increased with the establishment of Soviet power after 1917 and has become
excessive in the 1950s and 1960s (Wegerich, 2008). Whilst, therefore, the water of the rivers was
consumed in the lowlands, the headwaters of the rivers were used for water regulation and hydropower generation by creating a number of reservoirs such as Nurek. In the Soviet system, the
ability to control the water flow upstream was seen as part of a larger framework. This system was
disturbed in the early 1990s, when the Central Asian states gained independence and administrative boundaries became national boundaries (Wegerich, 2008). Tajikistan and Kyrgyzstan, in the
headwaters, are the water regulators, Uzbekistan and Turkmenistan, in the lowlands, are the water users. This situation has led to political tensions between the states. The plan of Tajikistan to
realize the construction of a new, huge reservoir already projected in Soviet times is seen as a
threat by Uzbekistan (Wegerich, 2008) whilst Tajikistan claims more water resources for itself
(Martius et al., 2009). The same authors summarize four reasons for the resource water being put
under stress: (i) population growth, leading to increased demand and a legacy for development; (ii)
climate change; (iii) increased user demand; (iv) as a consequence, reduced water availability in
the distant lowlands. The last point expresses itself in the fact that the Aral Sea had largely disappeared by the beginning of the 21st century (Glantz, 2005). Its desiccation has resulted in severe
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environmental degradation, a problem that has already been recognized in the 1980s (Micklin,
1988, 2007). The major issues are (i) the release of pollutants from the former lake bottom, severely affecting the health of the population and (ii) decline of economy, largely depending on fisheries.
The main components of the social system are therefore the government of the Soviet Union (until 1992), the national governments of the post-Soviet states (from 1992), local actors, the technical
infrastructures such as dams, reservoirs and irrigation channels as well as agricultural fields. Also
the subsystems of the rivers and the Aral Sea have become components of the social system due to
their extensive use and the consequences thereof. The global economy and politics can be considered as system environment. Fig. 3.8 illustrates an attempt to represent the entire system with its
components and links. For simplicity, only the national states of Tajikistan (as water regulator)
and Uzbekistan (as water consumer) are considered. More states are involved in “reality”, and the
roles of the states are more complex.

3.4 Grootbos Nature Reserve
Grootbos Nature Reserve is a 60 km², privately owned nature reserve in the Cape Region of South
Africa (Fig. 3.9). Pub. 3 focuses on analyzing the vegetation and the vegetation-environment relationships on the territory of the reserve, therefore mainly considering the ecosystems. In the present chapter I would like to broaden the perspective by considering also the social system and its
linkages to the ecosystems.
Following the concept of Walter and Breckle (Breckle, 2002), most ecosystems of the Grootbos
Nature Reserve are assigned to the Zonobiome IV, characterized by evergreen forests and shrublands associated with hot and dry summers contrasting to mild and moist winters. Wildfires are
ecologically important factors in these areas (Breckle, 2002). The Cape Region is one of five areas
worldwide with these characteristics. The natural vegetation is dominated by shrublands known
under the local name fynbos (Afrikaans for fine bush). The South African Zonobiome IV is closely
associated with the floral kingdom Capensis, the smallest of all floral kingdoms. It is rich in biodiversity and characterized by certain plant families centred in or almost restricted to this area. One
of them are the Proteaceae, only occurring here, in the Southern and East African mountains, in
Australia and with a few isolated species in Patagonia (Fig. 3.10). Some small patches of the reserve are considered as extrazonal Zonobiome V (Breckle, 2002), supporting temperate rainforest.
The environment of the Grootbos ecosystems consists in the relevant geosystems as well as in the
gene pool for the flora and fauna (Fig. 3.11).
The geosystem of the Grootbos Nature Reserve can simply be described as a hilly terrain of Precambrian rock, acid and poor in nutrients (Pub. 3). This is also reflected in the soils. Due to the
vicinity to the sea, however, part of the area is covered in wind-blown sands of alkaline to neutral
chemical properties. In addition, a limestone ridge runs through the area. Further, the alternation
of exposed ridges and protected valleys has to be emphasized. The components of the geosystem
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are therefore the climatic factors (temperature, precipitation and wind) as well as the lithological
and topographic units (see Fig. 3.11).

Fig. 3.9. Grootbos Nature Reserve. a View to one of the lodges and the
Walker Bay. b Mosaic of fynbos and forest ecosystems. c Prey-predator
relationship between mole snake and a rodent. d Watsonia stenosiphon
colonizing space opened up by a wildfire.
Structure and species composition of the ecosystems is clearly discriminated according to the
topographic and lithological conditions as well as to the regeneration time since the latest wildfire,
the major disturbance in that area (Pub. 3). The vegetation supports few large mammals (baboons,
a very sparse population of leopards) as well as plenty of smaller mammals, reptiles and invertebrates. The components of the bio-ecosystem therefore consist in the vegetation types of the fynbos and forest with all the elements of the food chain.
The observed spatial patterns may be interpreted in at least three contexts:
•

The distribution of plant species and ecosystems is determined by the adaptation to specific abiotic settings i.e., certain species can only exist within defined ranges of temperature,
supply of water or nutrients etc.

•

The distribution of plant species and ecosystems is determined by biological interactions
i.e., certain species are more competitive in particular settings of the abiotic system components.

•

The distribution of plant species and ecosystems is determined by human intervention.
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Fig. 3.10. The gene pool is an essential component of the environment of
the Grootbos ecosystems. The geographic distribution of Proteaceae is
limited and disjunctive. a Protea cynaroides, Tsitsikamma National Park,
South Africa. b Protea kilimanjarica, Mount Kenya. c Embothrium coccineum, Torres del Paine, Chile. d Banksia sp., Blue Mountains, Australia.

Fig. 3.11. Grootbos Nature Reserve as a system.
In “reality”, the spatial distribution of plant species and ecosystems reflects a combination of all
three aspects – the range of abiotic conditions required for a species to be competitive is smaller

Geosystems and ecosystems 43

than to be able to live in a non-competitive environment (see Chapter 3.1). Further, there is a
complex relationship of species and ecosystem distribution with fire: the forests are limited by
frequent wildfires whilst the fynbos needs wildfires for regeneration (Pub. 3; see Chapter 7). Vice
versa, the susceptibility of a given area to wildfires strongly depends on the characteristics of the
ecosystems (some forest species are largely fire-resistant whilst some fynbos species contain flammable oils) and on the conservation strategies.
Historically, part of the area today occupied by the Grootbos Nature Reserve was used for agriculture. However, most ecosystems can now be considered at least near-natural. Even though the
area in and around the reserve is sparsely populated, it may also be considered as a social system
(see Fig. 3.11). The area is popular among travellers, and the Grootbos Nature Reserve is run as a
high-level tourist destination. Whilst the rather linear impacts of hiking and horse-back riding on
the ecosystems are probably a minor issue, prescribed fires are applied as a management strategy to
maintain biodiversity. Further, the nature reserve acts as an important employer for the local population. Hence, the main components of the social system Grootbos Nature Reserve are the reserve
itself as a tourist destination, the ecosystem management and the local population. The global social system, governing the financial resources of potential travellers, represents an important environmental variable (see Fig. 3.11).

3.5 Concluding remarks
Organising the complex world into systems helps us to conceptualize and therefore to better understand observed phenomena. Systems are always constructed by humans on a subjective basis,
depending on the views of the system engineer and on the scale and purpose of the system. Also
the distinction of social, geo- and ecosystems as used in the present chapter is rather arbitrary.
Social systems are characterized by actors and their decisions whilst natural systems are characterized by physical, chemical and biological processes and, generally, less clearly defined components. Today, many geo- and ecosystems are strongly interconnected with social systems, making
it hard to set a clear boundary. Within the present treatise, the key rationales for introducing the
distinction between social, geo- and ecosystems are
•

to build a basis for putting some of the main issues of the present treatise into a larger context (see Chapters 3.3 and 3.4);

•

to set the scene for the considerations in the following Chapters 4 – 7. The definition of
appropriate systems is an essential precondition for all types of computer modelling issues
discussed in the Chapters 5 and 6.

In principle, it does not matter how systems are defined and classified as long as they build a reasonable basis for better understanding the world.
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4 Theory and practice

As illustrated in Fig. 1.2, the present work covers the cutting edge of theory and practice. Even
though much of the research presented is theoretical in principle, some of the findings are – directly or indirectly – highly relevant for the people and communities interacting with the considered processes. First, I will use the phenomenon landslide to explore how different scientific fields
use different concepts for the same process. Next, I will show how the representatives of different
fields use contrasting concepts for converting uncertain theoretical results into practice. Third, I
will use the example of risk management in order to highlight particular challenges in the practical implementation of research results. Besides putting the publications of the present treatise into
the framework of risk management, I will compare specific issues relevant in politically and economically challenged societies to those in more consolidated societies. Finally, I will conclude
with the key messages worked out in the chapter.

4.1 Landslides: an interdisciplinary phenomenon
The term mass movement describes the motion of rock, debris or earth down a slope or a valley.
Phenomena of this type are often referred to as landslides, even though sliding is not always the
dominant process (Table 4.1). Here, I will use both terms alternatively and employ the specific
terms given in Table 4.1 when referring to slides in the strict sense. The terms mass movement
and landslide refer both to the process and to the resulting landforms. As landslides are a highly
interdisciplinary topic at the cutting edge of science and practice, I decide to employ this type of
process and landform to start exploring the field of tension between theory and practice, and also
the fields of tension between different fields of science. Mass movements are key issues in the
Pubs. 4, 5, 6, 7, 8, 9, 12, 13, 14, 15, 17, 18, 19 and 20 and therefore represent a phenomenon of
central importance in the present treatise.
Even though landslides are sometimes considered as a domain of geotechnical engineers, they are
the subject of investigations by geographers, geologists, hydrologists, soil scientists, mathematicians, social scientists and other experts.
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Table 4.1. Proposed geotechnical classification of mass movements, simplified and slightly modified from Hungr et al. (2013).
Type of
movement

Rock

Soil

Topple

Rock block or flexural topple

Gravel, sand or silt topple

Fall

Slide

Spread
Flow

Slope deformation

Rock or ice fall

Rock rotational, planar, wedge,
compound or irregular slide
Rock slope spread

Rock or ice avalanche
Mountain slope or Rock slope deformation

Boulder, debris or silt fall

Clay or silt rotational or planar slide,
Gravel, sand or debris slide, Clay or
silt compound slide
Sand or silt liquefaction spread, Sensitive clay spread
Sand, silt or debris dry flow or flowslide, Sensitive clay flowslide, Debris, Mud, Earth or Peat flow, debris
flood, debris avalanche
Soil slope deformation, soil creep or
Solifluction

The viewpoint a particular field of science assumes on a phenomenon reflects itself in the way this
phenomenon is classified (Pub. 8). Classifications are needed to establish a terminology and a
common understanding. In the case of landslides, the most common classification system is the
product of a geotechnical perspective. It was introduced by Varnes (1978) and refined by
Hungr et al. (2013). This system uses a two-dimensional scheme of material and type of movement
(see Table 4.1). Cruden and Varnes (1996) have introduced an additional classification scheme
according to velocity. They distinguish seven classes – extremely slow landslides display a typical
velocity of 16 mm/year whilst extremely rapid landslides move at a typical velocity of 5 m/s
(Hungr. et al., 2013). However, extreme events may reach much higher velocities. According to
eye-witness observations, the 1970 Huascarán Event reached a maximum velocity of 50 – 85 m/s
(Evans et al., 2009). Back-calculations of the 1987 Val Pola Rock Avalanche (Pub. 7; Crosta et al.,
2003, 2004) indicate a maximum velocity in the same order of magnitude as observed for the 1970
Huascarán Event. Fig. 4.1 illustrates three examples of contrasting mass movements.
Large and rapid flows are often referred to as avalanches. Even though this term is mainly applied
to snow avalanches (which are commonly considered separately from landslides) also rock, ice and
debris avalanches are part of the terminology (Hungr et al., 2013; see Table 4.1).
Rotational landslides (see Table 4.1) slide along a curved slip surface which, in the ideal case, is
circular in its longitudinal section. Non-circular – e.g., elliptic – rotational slip surface profiles are
only possible when the sliding material is deformed (Pub. 15). Planar (or translational) slip surfaces are often aligned parallel to the slope surface. Planar sliding surfaces allow for the application of
the infinite slope stability model (see Chapter 5.3), given that the landslide is shallow enough. The
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depth of the slip surface is another essential criterion to characterize landslides. However, no generally accepted depth threshold has yet been established for separating shallow from deep-seated
landslides. From a modelling perspective, the length-to-depth ratio of the landslide might be a
useful threshold. Milledge et al. (2012) have determined that the application of the infinite slope
stability model is always reasonable for landslides with a length to depth ratio L/D > 25, Griffiths et al. (2011) give a threshold L/D > 16 (Pub. 15), Tiwari et al. (2014) suggest a threshold of

L/D = 20.

Fig. 4.1. Types of mass movements (landslides). a Fall: rock fall, cliffs of Ètretat,
France. b Flow: debris flow channel in the Mendoza Valley, Argentina (Pub. 8). c
Slide: rock compound slide of Maierato, Calabria, Italy (Gattinoni et al., 2012). The
upright trees indicate that sliding, and not flowing, was the dominant mechanism of
motion even though the slide has converted into a flow farther downslope.
O’Brien (2003) uses a completely different classification scheme for the manual of the modelling
tool FLO 2D. Employing a flood routing model, FLO 2D takes a hydraulic point of view, however
it can be used to model debris floods or even debris flows by considering sediment transport
(Pubs. 5 and 12). Debris flows, and also other types of mass movements, are defined by the sediment concentration in the water, ranging from floods to landslides (Table 4.2). Particularly for
analyzing debris flows, which can be considered intermediate between sediment-laden runoff and
mass movements (Pub. 8), it is highly useful to alternatively assume both points of view. Pub. 5
describes an attempt to simulate the motion of an observed and a hypothetic GLOF with FLO 2D
(O’Brien, 2003) and with RAMMS, a modelling tool for avalanches and debris flows (Christen et al., 2010a, b). Whilst RAMMS yields clearly defined travel distances and impact areas –
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characteristic for mass movements – FLO 2D does not, instead predicting a more or less continuous decrease of water discharge, sediment discharge and flow height downstream.
Table 4.2. Hydraulic classification of mass movements, slightly modified after O’Brien (2003).
Type of
movement
Landslide
Debris
flow

Debris
flood

Water
flood

Sediment concentration

Flow characteristics

0.65 – 0.80

0.83 – 0.91

Will not flow; failure by block sliding

0.72 – 0.76

Flow evident; slow creep sustained debris flow;
plastic deformation under its own weight; cohesive; will not spread on level surface

By volume

By weight

0.55 – 0.65

0.76 – 0.83

0.48 – 0.55
0.45 – 0.48

0.69 – 0.72

0.35 – 0.40

0.59 – 0.65

0.30 – 0.35

0.54 – 0.59

0.20 – 0.30

0.41 – 0.54

0.40 – 0.45

< 0.20

0.65 – 0.69

< 0.41

Block sliding failure with internal deformation
during the slide

Flow spreading on level surface; cohesive flow;
some mixing

Flow mixes easily; shows fluid properties in deformation; spreads on horizontal surface but
maintains an inclined fluid surface; boulder setting; waves appear but dissipate rapidly

Marked setting of gravels and cobbles; spreading
nearly complete on horizontal surface; liquid surface with two fluid phases appears; waves travel
on surface

Separation of water on surface; waves travel easily; most sand and gravel has settled out and
moves as bed load
All particles resting on bed in quiescent fluid
condition

Water flood with suspended load and bed load

Clearly, all these classification schemes – as long as the units are defined by nominal descriptors –
build on natural-scientific counterparts of the ideal types of Max Weber (Weber, 1922). In “reality”, many examples of mass movement phenomena display characteristics of more than one type.
This may concern mixtures of different types of materials, or mechanisms of motion intermediate
between flow, fall and slide (see Table 4.1). It may also concern transitions during the motion.
Slides, when reaching a certain velocity, commonly disintegrate and convert into rock avalanches
or debris flows (Pub. 8). From the hydraulic viewpoint (see Table 4.2), floods or debris floods may
convert into debris flows by entrainment of bed material (Pubs. 5, 6 and 8).
Even though the classification strategies shown above are mainly derived from the interpretation
of landforms, they build on the characterisation of the related processes. Focusing on the landforms themselves, one may distinguish a release area, a transit area and a deposition area of a mass
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movement. However, this separation is often fuzzy (e.g., in the case of debris flows, Pub. 8), or, in
case of landslides with limited mobility, the deposit overlays part of the release area so that advanced methods are required to delineate the latter (Pub. 15). This leads to problems when landslide inventories are used for building or evaluating slope stability models (see Chapter 5.1). Further, in the case of prehistoric events, the origin of landforms as mass movement deposits may be
disputed (Pub. 12; see Chapter 5.1).
Finally, the spatial discretization of a phenomenon depends on the background of the observer. I
have a highly valued colleague with a strong background in geology. When we discuss about landslides, it is sometimes hard to communicate as he commonly perceives the phenomenon in terms
of geologic profiles, and I – with geoinformation sciences as the main background – commonly
perceive it in terms of GIS raster maps. So, I conclude this chapter with the statement that an interdisciplinary approach, involving multiple viewpoints, is highly useful to better understand the
phenomenon landslide and, of course, also other phenomena, in their full complexity.

4.2 Dealing with uncertain research results
In the Chapters 2 and 4.1 it was shown that one and the same process may be considered from
various perspectives. Next, I will explore how the purpose of a study may influence the interpretation of the results. As a general rule of fundamental science, results obtained with any quantitative
method usually consist in a value (or a series or matrix of values) associated with one or more
measures of uncertainty. Uncertainty can be expressed as the standard deviation from the associated average derived from multiple observations or computations. The Intergovernmental Panel on
Climate Change (IPCC, 2013) provides a range of possible climatic trends resulting from different
models. Uncertainty can also be accounted for as a probability that the target value (e.g., a temperature trend, the factor of safety or a geotechnical parameter) falls in a certain range (Pubs. 17
and 18; Fig. 4.2; see Chapter 5.3). In principle, it does not matter whether the “real” value is lower
or higher than the measured or modelled value. However, the maximum and minimum values
may be of interest.
When it comes to the practical application of research results, purely statistical principles may lose
their validity. An engineer designing a suspension bridge will use a physically-based model (see
Chapter 5) to obtain the strength of the cables needed to support the structure and the traffic. If
the cables are designed in a way just to bring the stabilizing and destabilizing forces to equilibrium
(factor of safety FoS = 1; see Chapter 5.3) in average conditions, nobody would like to cross the
bridge once it has been completed: in case a wind slightly stronger than average would come
along, the bridge would collapse. Also moving one or two standard deviations to the conservative
side would be unacceptable. In the broad field of engineering the most conservative assumptions,
taking into account the most adverse conditions and including an additional safety buffer, are of
primary interest for the design of many types of structures (see Fig. 4.2).
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Fig. 4.2. Dealing with uncertainties. The grey columns represent a histogram of observed or modelled values indicating the safety of a slope. a
Parameters relevant for purely scientific or insurance issues. b Parameters relevant for engineering purposes. Stdev. = standard deviation.
Further, the engineer does not accept any methods not strictly following physical principles. One
example for such a method would be statistical (black box) models just relating two or more sets of
observations (see Chapters 5.2 and 6.2). Another example would be the so-called landslide susceptibility index of the r.rotstab model (Pub. 15). This index, for each pixel, relates the number of
tested slip ellipsoids with FoS < 1 to the entire number of slip ellipsoids touching the pixel. Whilst
this concept would not be meaningful from a strictly physical point of view (only the lowest FoS is
relevant), it may be useful given the assumption that the geotechnical parameters assumed are
uncertain in their spatial (also vertical) variability, and not all slip surfaces with a low value of the
computed FoS can develop at all. Therefore, the higher the number of critical (FoS < 1) slip surfaces, the higher the probability that at least one of the tested slip surfaces is critical in “reality”. In
the Pubs. 17 and 18, this approach has been replaced by the slope failure probability Pf, combining
the results obtained with varying parameter assumptions (see Chapter 5.3). Strictly speaking, also
probabilities are problematic for engineering purposes: any probability of failure larger than 0
would be unacceptable. In practice, however, structures are often designed to withstand hazardous
processes with a certain temporal probability, implying that a small residual risk has to be accepted. In Hong Kong, a key rationale of landslide risk management is to keep the residual risk as low
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as reasonably practicable – ALARP (Choi and Cheung, 2013), a concept not only applied to risks
from natural hazards (Melchers, 2001). In the insurance business, probabilities – or risks, see
Chapter 7 – are a very relevant format of research results. In contrast, probabilities are not applicable to hazard or risk zoning in a straightforward way –an accepted probability (i.e., hazard, risk)
would have to be defined to delineate those areas where restrictions should be imposed upon the
use of the land. Often, the outcomes of scenario analyses are used instead, such as the impact area
of a flood modelled on the basis of a defined recurrence interval (Stiefelmeyer and Hlatky, 2008).
The various types of computer models suited for different needs are discussed in detail in the
Chapters 5 and 6. In the following chapter I start exploring the extensive issue of hazard and risk
management. Whilst the more general aspects of hazard, risk and risk management will be further
discussed in Chapter 7, I will now elaborate how research results are put into risk management
practice (i) in different types of societies and (ii) for different types of hazardous situations.

4.3 Research results and risk management
Risk management (see Chapter 7) consists in an interplay of actors, typically including the persons
affected or at risk, stakeholders, engineers and scientists. The rationales of stakeholders, scientists
and engineers may differ quite a lot from those of the inhabitants of the area at risk (Carey, 2005).
Assuming a landslide threatening a certain place, Table 4.3 summarizes possible rationales of the
main actors (see Chapter 3). They are weighted against and may therefore conflict with other –
often economic – rationales. The types of actors distinguished in Table 4.3 are ideal types (see
Chapter 4.1), one actor may also assume more than one role (e.g., as an engineer and as a scientist).
The interests of the various actors have to be brought together in order to minimize the risk for
the population. In other words, the interactions in this social system have to be optimized (see
Chapter 3). The way how this is done in practice depends on the type of hazard and on the society. The present work takes the view of the scientist, the highly-ranked research papers (see Table 4.3) are represented by the Pubs. 6, 7, 8, 14, 15, 17 and 18.
Table 4.3. Possible key rationales of actors involved in risk management.
Actors

Rationales

Stakeholders

Are interested in preventing or at least appropriately managing disasters in
order to ensure to be trusted by the population.

Local population

Engineers
Scientists

Want to stay in their houses and use infrastructures, but the government
should prevent the hazard (e.g., by paying for technical protection
measures).

Want to design structures withstanding or preventing hazardous events in
order to earn money.
Want to understand the processes – whether social or natural – as good as
possible in order to be able to publish highly-ranked research papers.
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Fig. 4.3. Examples of risk management in a Tajikistan and b Hong
Kong.
When travelling through the mountains of the Pamir in Tajikistan by car, it likely happens that
the narrow, unpaved mountain road is suddenly blocked by the deposit of a small rock fall or debris flow. In such a case, the people in the car will just get out, put the rocks aside and continue
their journey (Fig. 4.3a). If the event is a bit larger, a bulldozer will come in due time and remove
the material. From time to time, someone will be injured or killed by falling rocks or swept away
by a debris flow.
This direct reaction is the simplest way of risk management, and by far the most used one for lowmagnitude, high-frequency events in developing countries. No science or engineering (except for
the construction of the bulldozer, which, however, is most probably very old) is required for this
process. In developed countries, in contrast, even a small rock fall or debris flow on a road is a big
issue. The event is reported in the radio and TV, engineers will evaluate the situation before the
road is reopened, and maybe the case will be taken to court. These procedures reflect the low risk
acceptance in highly developed countries (Felgentreff and Dombrowsky, 2008; see Chapter 7.4).
However, events as described above occur much less frequently in developed than in developing
countries – obviously, the main reasons for this phenomenon are better developed prevention and
preparation stages (see Chapter 7.2 and Fig. 4.3b), including a variety of measures (see also Chapter 7.2):
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1. Delineation of hazard zones and definition of building codes.
2. Technical protection measures (e.g., avalanche or torrent control structures).
3. Monitoring of potentially hazardous situations.
4. Emergency warning systems.
5. Awareness-building and preparedness-raising efforts.
6. Resettlement of the population at risk (the specific set of problems related to this approach
is considered in Chapter 7.3).
Modern hazard zonation maps build on GIS-based models (van Westen, 2000; van Westen et al.,
1999, 2006; see Chapters 5 and 6 for more details). The type of model suitable depends on the scale
(see Chapter 5.2). Physically-based models should be preferentially applied for detailed landslide
susceptibility or hazard maps. Pubs. 5 and 7 and partly also Pub. 8 present model approaches for
delineating possible impact areas of mass flows. The design of technical protection measures – and
also of building codes – requires information on the expected impact velocities, energies and
heights. Physically-based dynamic models (see Chapter 5.4) are particularly useful for deriving
these parameters (Pub. 7). Further, such models provide information on possible travel times of
mass movements from the source area to inhabited areas or infrastructures, needed for the design
of emergency warning systems. The Pubs. 15, 17 and 18 explore strategies to use physically-based
models for landslide susceptibility mapping also at broader scales.
Pub 14 (partly building on Pub. 6) uses empirical-statistical and rule-based approaches (see Chapters 5.2 and 6) for hazard and risk indication maps with regard to four types of mass movements
for the entire Pamir of Tajikistan (approx.. 100,000 km²). Hazard and risk indication maps are useful for very broad-scale studies, suited for the selection of priority target areas for awarenessbuilding, preparedness-raising and further research. However, they may also be useful in cases
where rapid action is required, not allowing for detailed investigations. This applies to the preparation stage of the risk management cycle according to Chapter 7.2. Such an issue is discussed in
Pub. 12: on January 4, 2010, a large landslide blocked the Hunza Valley in northern Pakistan and
started to impound a lake. According to Costa and Schuster (1988), 50% of all landslide dams fail
within 10 days, and 80% fail within six months after their formation. These statistics in combination with field investigations on the condition of the dam raised the fear of a major outburst flood.
Pub. 12 describes the rapid design of a simple flood hazard indication map which was then used by
the local authorities and an international NGO to prioritize areas for evacuation. Fortunately, no
catastrophic outflow has occurred until more than four years after the landslide.
Coming back to Table 4.3 with the actors and their rationales, it is clear that even the most advanced scientific results are useless for hazard management if the communication between all the
involved groups of actors does not work. Whilst, in democratic societies, the feedbacks between
the stakeholders and the population are often strong and appropriate risk management schemes
are readily implemented, this is not always the case in de facto non-democratic societies. The find-
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ings of the Pubs. 5, 6 and 14 for the Pamir of Tajikistan are implemented by an NGO rather than
by the government (see Chapter 2.3).
Independently from the associated social systems, a particular challenge consists in the prediction
and management of low-frequency, high-magnitude events with long travel distances. Experiences with such rare events are poor, and the preparedness and awareness to them is limited
(Pub. 14). Such events often consist in process chains: they include a sequence (or cascade) of several processes, one converting into another. Various types of process interactions are possible (van
Westen et al., 2014). A typical example of a process chain would be a landslide impacting a lake,
leading to sudden drainage and a resulting outburst flood downstream. Catastrophic process chains
are often related to powerful triggers affecting large areas, such as strong earthquakes. Most recently, the 2005 Kashmir Earthquake (Pub. 12; Dunning et al., 2007; Schneider, 2009) and the
2008 Wenchuan Earthquake (Sato and Harp, 2009) have triggered multiple landslides with thousands of victims. Further, slopes were destabilized and subsequent rainfall events could easily mobilize deposited or destabilized rock and debris. Fig. 4.4 illustrates how the Mianyuan Valley in
the People’s Republic of China was reshaped by mass movements caused by the Wenchuan Earthquake of 12 May 2008 and the associated increased sediment load.

Fig. 4.4. Process chain associated to the 2008 Wenchuan Earthquake, People’s
Republic of China. a Wenjia Landslide and distal debris flow with technical
protection measures. b Mass movement into the bottom of the Mianyuan Valley. c Mianyuan Valley, reshaped by landslides and drastically increased sediment transport induced by events such as those shown in a and b. The photos
were taken in June 2014.
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Further examples of disastrous cascading processes in the past 70 years are:
•

1949, Khait, Tajikistan (Evans et al., 2009b). An earthquake triggered a rock avalanche that
mixed with loess and travelled for a distance of 7.4 km, destroying the village of Khait
(Fig. 4.5a), killing 800 people. In the opposite valley, the same earthquake triggered multiple loess landslides, coalescing into a loess flow burying 20 villages and leading to approx.
4000 fatalities. The number of victims due to landslides associated to the 1949 Earthquake
was estimated with 7,200 by Evans et al. (2009b) whilst earlier research had suggested a
much higher number of victims of up to 28,000.

•

1970, Huascarán, Perú (Evans et al., 2009a). An earthquake-triggered rock/ice mass
movement from Nevado Huascarán converted into a high-velocity flow of debris and mud,
reaching velocities up to 85 m/s. The flow overtopped a lateral ridge and buried the town
of Yungay. The main flow alleviated on a debris cone originating from a similar, but
smaller event in 1962, but the debris flood reached the Pacific Ocean at a distance of
180 km. In contrast to earlier reports of up to 30,000 victims, Evans et al. (2009a) estimated a death toll of approx. 6,000.

•

1985, Armero, Colombia (Herd, 1986; Huggel et al., 2007). An eruption of the volcano Nevado del Ruiz led to melting of snow and ice, resulting in massive lahar flows destroying
the town of Armero. The number of victims is given with >22,000.

•

2002, Kolka-Karmadon, Russia (Huggel et al., 2005). A 100 million m³ rock/ice avalanche,
with its origin at the northern slopes of the Mt. Kazbek massif, mobilized almost the entire
Kolka Glacier. The resulting mass flow continued for a total of 35 km, the last 15 km as a
distal mudflow. The event caused the death of approx. 140 people along with massive destruction.

Whilst it is hard to evaluate whether all of the disasters exemplified above could have been prevented, many disasters are actually disasters of social systems (Felgentreff and Glade, 2008; see
Chapter 7) – they are caused by the failure of interaction of the social sub-systems given in Table 4.3. Examples of failed hazard and risk management are evident also in the histories of highly
developed countries. One of the most striking cases is the Vajont Disaster (Fig. 4.5b) of October 9,
1963. In the 1950s, increasing energy demand in Europe was answered with the design of large
hydropower plants, making use of the rivers of the Alps. The Vajont Dam was constructed in a
tributary valley to the Piave Valley in northern Italy. The slope of Monte Toc, heading into the
lake, started to display signs of slow movement when the reservoir was filled up. Geologists highlighted the possibility of a sudden failure (Semenza, 1965, 2001; Genevois and Ghirotti, 2005). For
economic reasons, the warning signs were not interpreted in an appropriate way and after certain
cycles of increasing and decreasing the reservoir level, a catastrophic failure of approx. 260 million
m³ caused a flood wave overtopping the dam and killing approx. 2000 people in the town of Longarone.
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Fig. 4.5. Disastrous process chains. a Khait Rock Avalanche (foreground)
and Yasman Valley (right background), where the 1949 loess flows area is
not recognizable any more. b Panorama of the Vajont Landslide. Remnants of the reservoir on the left side, Monte Toc with sliding surface and
deposit in the centre, the village of Casso and the dam in the right centre,
Piave Valley with Longarone on the right side.
However, societies may also learn from failed risk management. Hong Kong has experienced rapid
urban growth in the second half of the 20th century, involving steep and potentially unstable
slopes due to the prevailing lack of space. In 1972, the Po Shan Road Landslide caused 67 deaths
and major destruction (Chau et al., 2004). This was the starting point for rigid building codes,
slope management (see Fig. 4.3b) and warning strategies, leading to rapidly decreasing numbers of
fatalities (Malone, 2007). Examples of at least partly successful risk management efforts in the European Alps include the 1987 Val Pola Rock Avalanche (northern Italy; Govi et al., 2002) and the
1991 Randa Rock Slide (southern Switzerland; Sartori et al., 1999).

4.4 Concluding remarks
Different fields of science assume different views of the same phenomenon (see Fig. 2.1). Further,
the way how research results are interpreted strongly depends on the background and the purpose
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of the research. Talking about research on geohazards and the mitigation of the associated risks,
one may identify at least two types of philosophies:
1. Engineering philosophy: models have to reproduce reality as exact as possible. All relevant
parameters have to be included, only the most conservative results are relevant. Of course,
it is important to obtain geotechnical and other data to feed the models. However, lack of
data – even the impossibility to obtain data – is no reason not to develop more sophisticated (“better”) models. This philosophy is rather taken by researchers with a geotechnical
background. It reflects the tradition to solve specific tasks at a very detailed scale (e.g., for
the construction of a building) and the fear to be responsible if something adverse happens. This is clearly the approach more related to the practice of engineering. It is at least
partly reflected by the Pubs. 7, 8, 10, 13, 15, 17, 18 and 20.
2. Geoscientific philosophy: it is acknowledged that (i) models can never exactly reproduce
the reality and that (ii) not all relevant data are known, particularly with regard to their
spatial distribution. Therefore it is better to express results as probabilities and/or to use
simpler models, needing fewer data, which can be tested against observations and are useful also for larger areas. This philosophy is at least partly reflected by the Pubs 6, 9, 12, 14,
17 and 18.
Both philosophies are valid, and the best choice always depends on the specific situation. Whilst
the engineering philosophy has to be applied for all types of construction tasks, the geoscientific
philosophy – suitable for larger areas – is interesting for insurance issues or for the question where
to start with investing money for mitigation measures. The philosophies clearly reflect two fields
of tension: (i) observation and model and (ii) local scale and regional scale. These fields will be
discussed in detail in the Chapters 5 and 6.
The present chapter has also introduced to some aspects of risk management. I will recall and continue these considerations in Chapter 7, going in more depth with regard to the socio-economic
dimension of risks, disasters and chances.
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5 Observation and model

Observation and modelling, even though sounding like antagonisms, are highly complementary
methodological approaches. On the one hand, the use of computer models is obsolete without
observations available to feed the model and to evaluate its success. Model results severely suffer
from insufficient input data. On the other hand, model results may add significant value to many
types of observations. Most of the publications of the present work include both observation and
modelling aspects (see Fig. 1.2).
After introducing some fundamental aspects of observation in geosciences and modelling of geographic systems, I will focus on the fields of tension between data and modelling of slope stability
and the motion of mass movements, putting the experiences gained by my own work into a
broader context. I will conclude with the key findings of the chapter, leading over to Chapter 6.
The content of this chapter directly concerns the Pubs. 1, 4, 5, 7, 8, 12, 13, 14, 15, 16, 17, 18
and 20.

5.1 Observation in Geosciences
In the Pamir Mountains of Tajikistan, many valleys are dammed by large bodies of coarse, blocky
material covered by desert varnish. Sequences of such dams often form cascading systems over
tens of kilometres. Some of these structures impound lakes. Others show clear evidence of former
lakes upstream (Pub. 12; Fig. 5.1a).
Local geologists, educated in the Soviet tradition of glacial geomorphology, interpret most of these
dams as terminal moraines of Pleistocene glaciers. Landslide experts interpret many of these structures as deposits of large rock mass movements (see Fig. 2.1). A closer inspection of the surface of
these structures does not always allow for a clear answer to the question of their origin. Due to the
extremely steep and geomorphologically active valley slopes it is often hard to determine the presence or absence of possible source areas of large mass movements. In fact, some of these natural
dams display characteristics of mass movements and moraines.
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The Pasor-Ghudara System in the upper Bartang Valley represents an example of such a situation.
The now broken Pasor Dam once retained the 8 km long Ghudara Lake. The eroded lake sediments indicate a stepwise drainage of this lake. An OSL (Optically Stimulated Luminescence) age
of <4000 years BP was derived for the lake sediments (Pub. 12; see Fig. 5.1a). Even though the
Pasor Dam most likely represents the deposit of a large landslide, part of its surface displays edgerounded rock fragments characteristic for moraines rather than for landslide deposits. A similar
problem with the interpretation of landforms is evident in the Aconcagua Valley of Central Chile,
where Abele (1984) interprets most dams as landslide deposits whilst Caviedes (1972) interprets
most of them as terminal moraines.

Fig. 5.1. a Pasor-Ghudara System in the Bartang Valley, Tajikistan
(Pub. 10). Geomorphic observation yields clear evidence that a rock mass
has impounded a lake which later drained in stages. The origin of the
rock mass is probably a landslide. b Prehistoric Köfels Rock Slide, Tyrol,
Austria.
Another event that has been subject of different interpretations is the prehistoric Köfels Rock
Slide in the Ötztal (Tyrol, Austria; Pub. 20; see Fig. 5.1b). Due to rock fragments resembling pumice it was first interpreted as a volcano (Pichler, 1863), later as the result of a meteorite impact
(Milton, 1964). However, it is now commonly accepted that the landform blocking the valley rep-
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resents the deposit of a landslide, with the pumice-like rocks appearing as the result of frictional
melting at the sliding plane (Erismann et al., 1977; Sørensen et al., 2003).
These examples illustrate that the interpretation of geographically relevant observations is a function of the background of the observer. More advanced methods are therefore required to gain
reliable information on landforms and the related processes. In geosciences, such methods could
be:
•

Multi-temporal interpretation of remotely sensed data (satellite or aerial imagery, laser
scans; Pubs. 6, 9 and 10) or of topographic maps (Pub. 7).

•

Mapping in the field or from remotely sensed data (Pubs. 1, 3, 4, 6, 8, 9, 10, 15, 17, 18).

•

Geophysical methods (seismic, radar, electric) and analysis of cores form boreholes.

•

Sampling and analysis of material properties (Pubs. 8, 15, 17, 18).

•

Dating (OSL, radiocarbon, exposure, ice core or dendrochronology).

•

Several types of measurements (discharge, precipitation, temperature etc.).

In social sciences, various types of interviews and participative observations are common approaches (Pub. 11) along with mapping and the exploration of official statistics.
In the field of landslide susceptibility modelling (see Chapter 5.3), the observations are commonly
represented by a landslide inventory (Guzzetti et al., 2012). In principle, a landslide inventory can
be used for modelling purposes in two ways:
1. to develop the model i.e., to establish a relationship between the observed spatial patterns
of landslide distribution and one or more descriptors. This is done when a statistical model
is used.
2. to evaluate the model results with the inventory. This is done with physically-based models, where the model is developed independently from the observation.
Landslide inventories are produced systematically by administrative agencies, or they are generated for specific areas and research purposes. They should fulfil a number of requirements:
1. In order to be statistically significant, they should be as complete as possible. However,
this requirement is sometimes hard to fulfil as older landslides may not be visible any
more.
2. They should differentiate between release areas, transition areas and areas of deposition –
this is particularly important for modelling purposes as transit and deposition areas are not
relevant for slope stability modelling, and their inclusion into model development or evaluation may significantly distort the outcome. However, in cases of landslides with limited
mobility, where the deposit covers part of the release area, it is often very hard or impossible to properly delineate the release area without detailed investigations (Fig. 5.2).
3. They should contain the exact date/time of each landslide along with other attribute information such as landslide depth, geometry, type of movement etc.
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Comparable principles are true for all types of inventories (lakes, glaciers, rock glaciers etc.). Before considering more specific data such as material properties, I will introduce some of the basic
principles of GIS based modelling of mass movements and other types of phenomena.

Fig. 5.2. Shallow landslide in the Collazzone area, Umbria, central Italy – but where is
the boundary between the release area and the deposition area?

5.2 Computer models of geographic systems
Essentially, all models are wrong, but some are useful. This statement of Box and Draper (1987) is
valid also – and particularly – with regard to the GIS-based modelling of geomorphic phenomena.
Consequently, the question arises which type of model is useful for which purpose. In principle,
simple but evocative models are superior to those characterized by overparameterization (Box,
1976). But which type of model is useful for which purpose? This and other issues will be explored
in the present chapter.
Even the most advanced observation methods, whether concerning geo-, eco- or social systems
(see Chapter 3), only allow to explore the past or, in the best case, the present. Whilst this is sufficient for some research tasks, others require exploring the future. Examples for geographically
relevant future-oriented research questions are:
•

How will economic development affect migration?

•

How will climate warming affect the distribution of plant species?

•

Which areas within a catchment are likely affected by mass movement processes in the future, and which are not?

•

How will land use changes affect landslide susceptibility and hazard?

•

What is the maximum possible travel distance of debris flow processes in a specific catchment?

Models are needed in order to answer these and other future-related questions. Whilst physical
models are still common, computer models have gained much importance in the previous decades.
Before running models for future scenarios, they have to be run for situations with a known outcome i.e., they have to be either developed or validated with observations.
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In Pub. 20, a longitudinal profile through the mass movement (the Köfels Rock Slide) is used as
the geometric basis for reconstructing the onset of the event. Pubs. 1, 4, 6, 7, 8, 13, 14 15, 17
and 18, in contrast, deal with the development of raster GIS-based model applications for hazardous processes. Therefore, the focus here and also in Chapter 6 will be put on this type of models.
The input data are discretized to raster cells (pixels), and the model is run by computing relationships of superimposed pixels of different layers, or by analyzing pixel neighbourhood relationships. The results are provided as raster maps, or as profiles or statistics extracted from these maps.
Simple models can be applied with standard raster GIS functions, more complex models call for
programming efforts to make them accessible through specific applications.
The applications developed and tested in the Pubs. 4, 6, 7, 8, 13, 14, 15, 16, 17 and 18 build on the
open source software package GRASS GIS (Neteler and Mitasova, 2007; GRASS Development
Team, 2014) which, due to its modular design and open structure, allows to include self-developed
codes. All applications mentioned here make use of the C programming language. Python, Shell
and R are used for data management, validation and graphic presentation of the results. The models themselves may be organized into the following system (see Fig. 5.3):
1. Statistical models build on static systems (see Chapters 3 and 6.2). They consider the system components, but not the interactions between the components. The interactions are
seen as black boxes where the input and output is known, but those things happening in
the box are not known. The observed spatial patterns of the target variable (e.g., the distribution of landslides) are put in relationship to one or more predictors (e.g., slope angle,
vegetation, rock type etc.). The causes for the statistical relationships remain uninvestigated. Whilst statistical models are popular for regional-scale landslide susceptibility analyses
(Corominas et al., 2003; Guzzetti et al., 1999, 2005, 2006a, b, 2009; Duman et al. 2005, Lee
2004, Süzen and Doyuran, 2004), they are strictly rejected by some geotechnical engineers.
This type of model is most commonly used to estimate the spatial probability (susceptibility) of landslide occurrence. Another type of statistical model consists in the interpolation
of point data to raster maps. Pub. 16 demonstrates the application of a statistical interpolation algorithm in the field of climatology.
2. Physically-based deterministic models claim to understand also the interactions between
the system components (see Chapters 5.3 and 5.4). These interactions are attempted to be
reproduced as realistic as possible by the associated model. Deterministic models apply
physical laws to the input data. In contrast to the statistical models, the reference information (such as a landslide inventory) is not considered directly in the model, but is only
used to evaluate the model result. Static deterministic models build on time-independent
static systems (see Chapter 3). Computing slope stability based on geotechnical laws would
be an example of this type of model (Pubs. 8, 13, 15, 17 and 18). In contrast, dynamic
models, building on process systems or process response systems, explicitly consider the
dimension of time. Modelling the motion of a rock avalanche can be assigned to this type
(Pub. 7). The results of deterministic models are often seen as predictions.
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3. Physically-based stochastic – or probabilistic – models do not assume fixed values of the
input parameters. Instead, they work with random values, whereby the randomization
may be constrained by probability density functions or other criteria. Each model run
produces a unique output. Stochastic models commonly yield probabilities, such as the
probability for the failure of a slope. These approaches allow to deal with data uncertainty.
Even though most components of the models presented in Pubs. 15, 17 and 18 are deterministic, there is also a stochastic aspect (see Chapter 5.3). Computation of hazards and
risks (see Chapter 7.1) – which are probabilities – often makes use of stochastic models.
Also stochastic models may be either static or dynamic.
4. Rule-based models may contain statistical and physically-based elements, but also expert
knowledge. Decision trees and scoring schemes are used to analyze static systems. In the
field of mass movement modelling, rule-based systems are used to derive semi-quantitative
or even qualitative hazard or risk indication ratings and maps (Pubs. 6 and 14). They are
considered partly subjective and not very flexible, so they are used where statistical or
physically-based models are not feasible (insufficient reference data, high complexity of
the phenomenon; see Chapter 6.3).

Fig. 5.3. Types of computer models. Specific aspects with regard to modelling of mass movements
are shown at the bottom.
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The purposes and scale ranges given in Fig. 5.3 for the different types of mass movement models
are rough guidelines rather than fixed domains.
The above considerations mainly apply to models of geosystems, with a particular focus to mass
movement modelling. However, mass movements may also contain ecosystem components such as
root cohesion, additional weight or influence of organisms on the water balance. Integration of
these phenomena remains a challenge and is attempted in Pub. 8.
In general, ecosystems are often more complex than geosystems due to the importance of biological processes (see Chapter 3). Anyway, physically-based models are well-established also here,
with regard to fluxes of mass and energy or the Lotka-Volterra Model of prey-predator relationships (Lotka, 1910; Goel et al., 1971). Other tasks, such as explaining the distribution of plant species or plant communities, are hardly accessible to physically-based models. Pub. 3 includes a statistical analysis of vegetation-environment relationships.
The higher the complexity of the system to be modelled, the more difficult the application of
physically-based models (see Fig. 5.3). This is one of the reasons that social systems are commonly
analyzed using statistical models. Also game theoretic models (von Neumann and Morgenstern,
1944; Myerson, 1991) or models using artificial intelligence (Winston, 1984; Neapolitan and Jiang,
2012) such as neural networks or agent-based social simulation models (Davidsson, 2002; Li and
Liu, 2008) are used. Models building on fuzzy logic and neural networks, however, are also used
for landslide susceptibility analyses (Uromeihy and Mahdavifar, 1999; Ercanoglu and Gokceoglu,
2002; Lee et al., 2003a, b; Roodposhti et al., 2014).
In general, GIS-based computer modelling, in combination with landslide inventories, has gained
huge importance in the field of landslide susceptibility, hazard and risk mapping (van Westen,
2000; van Westen et al., 2006; Guzzetti, 2006). I will now focus on deterministic and stochastic
physically-based modelling of slope stability and landslide motion. Aspects of statistical and rulebased models will be considered in more detail in Chapter 6.

5.3 Geotechnical data and slope stability modelling
Slope stability models often make use of the limit equilibrium concept, where the ratio of the resisting forces R and the driving forces T is the factor of safety FoS (Pubs. 8, 15, 17 and 18). If

FoS > 1, the slope is considered stable. If FoS < 1, the slope is considered potentially unstable.
Strictly speaking, FoS < 1 describes an unrealistic situation indicating either (i) unsuitable parameter assumptions or (ii) the assumption of conditions which have never occurred, but may occur in
the future. If FoS is used as a basis for engineering decisions, a value of FoS > 1 is taken as threshold in order to ensure safety (see Chapter 4.2).
Limit equilibrium models are classic examples of static deterministic models (see Fig. 5.3). The
factor of safety only tells whether a slope failure can be expected or not, but it does not provide
information on how the failure body will move further. In contrast to limit equilibrium models,
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quasi-static discrete element models such as applied by the software tool UDEC from Itasca may
be used to compute the deformation of rock masses rather than FoS (Pub. 20). Another approach
was developed for modelling the creep of rock masses (CrEAM; Engl, 2013). Dynamic models
would be necessary for simulating the motion of rapid mass movements (Pub. 7; see Chapter 5.4).
The capacities of GIS have yet been explored mainly for limit equilibrium modelling. However,
not all types of limit equilibrium models are compatible with GIS in a straightforward way. Models implemented with a raster GIS are most conveniently applicable if only interactions between
overlaying pixels are considered. When the limit equilibrium concept is applied with a raster GIS,
the infinite slope stability model is most commonly used. It assumes a planar slope of infinite
length, with the potential failure plane parallel to the topographic surface. In a raster GIS, FoS is
computed for each individual pixel. The forces acting between the pixels are ignored since the
failure is assumed to be infinitely wide and long. This has eased the widespread use of this type of
model (van Westen and Terlien, 1996; Burton and Bathurst, 1998; Xie et al., 2004a; Baum et al.,
2008; Godt et al., 2008). However, the infinite slope stability model is well suited only for shallow
slope stability in purely frictional materials and is less appropriate for cohesive materials (Pub. 15).
In particular, the infinite slope stability model fails to capture the complexity of deep-seated landslides. Milledge et al. (2012) have determined that the infinite length assumption is always reasonable for landslides with a length to depth ratio L/D > 25, Griffiths et al. (2011) give a threshold L/D
> 16. The work of Tiwari et al. (2014) indicates a threshold of L/D = 20 (see Chapter 4.1).
More complex models should be used for deep-seated slope stability. Traditionally, the slope system is considered as a two-dimensional cross section drawn along the steepest terrain gradient
(Duncan and Wright, 2005). The zone above the potential slip surface is divided into vertical slices. R and T are computed for each slice and summed up in order to obtain a value of FoS for the
entire slope. Most commonly, the forces acting between the slices are neglected (Fellenius, 1927).
Fellenius (1927), Bishop (1954), Janbu et al. (1956) and Morgenstern and Price (1967) have proposed different schemes to calculate FoS along pre-defined slope profiles and associated failure
planes. Later, this type of model was also applied to 3D topographies and failure planes (e.g.,
Hovland, 1977; Hungr, 1987; Hungr et al., 1989).
Few attempts were made to develop sliding surface models for the regional scale, coupled to GIS
(Reid et al., 2000; Xie et al., 2003, 2004b,c, 2006; Marchesini et al., 2009; Jia et al., 2012).
Pubs. 15, 17 and 18 explore this field. The model applications r.rotstab (Pub. 15) and its further
development r.slope.stability (demonstrated in Pub. 17 for shallow slope stability and in Pub. 18
for deep-seated slope stability; see Appendix B3) are applied with the software GRASS GIS. The
GIS implementation of limit equilibrium models going beyond the infinite slope stability model
remains a challenging task from a computational point of view. At the regional scale, a very large
number of possible slip surfaces has to be tested at a reasonably fine pixel spacing. Efficient computing strategies are needed to avoid unacceptably long computing times. Pub. 17 illustrates how
computation times can be reduced by at least one order of magnitude by splitting the study area
into a set of tiles and processing the tiles in parallel, using an ordinary multi-core computer. Com-

Observation and model 67

putation times for the 90 km² Collazzone area at 5 m pixel size range between 1.5 hours and a bit
more than a day, depending on the specific model settings and the desired output.
Like most applications using limit equilibrium models, r.slope.stability makes use of the Coulomb
(1776) mechanical model for the slope materials. Besides the geometries of the slope and the sliding surface and the water status of the slope, the governing parameters are the effective cohesion

c’ (N/m²) and the effective angle of internal friction φ’ (degree). These two parameters are derived
using standard geotechnical tests such as the frame shear test or the triaxial test, providing reasonably reliable results on the properties of the specific samples tested.
Looking at the range of values of c’ and φ’ used in Pub. 17, derived from 13 frame shear tests on
samples taken in the study area, the maxima and minima correspond remarkably well to the maxima and minima given by Prinz and Strauss (2011) for the relevant grain size classes. On the first
glance, this observation indicates a low cost efficiency of geotechnical tests in general. Testing
only the granulometry would be much cheaper and easier. However, geotechnical tests, where
feasible, are important in order to characterize the materials and to verify whether or whether not
the geotechnical parameters are within the range expected for the corresponding grain size class.
Experience shows that c’ and φ’ are highly variable in space, both horizontally and vertically.
These variations are not necessarily related to clearly defined lithological or pedological classes.
Testing various samples from the same area might result in a broad spectrum of parameter combinations varying at a fine scale (Pubs. 8, 17 and 18). This fact results in considerable uncertainties
in the results of GIS-based deterministic slope stability models. Well-designed strategies to select
appropriate sets of parameters are required, e.g.:
1. Back-calculating the parameters. For areas with (i) rainfall-triggered landslides where (ii)
the topography of the slopes is mainly controlled by landslides, it is considered a valid approximation to set the FoS for the steepest portions of the study area (or of a certain lithological class) to 1 under dry conditions, back-calculate the associated geotechnical parameters and then compute FoS for fully saturated conditions (most unfavourable assumption;
Pub. 15). However, this requires an idea of one of the parameters, either c’ or φ’, otherwise
there will be no unique result. Values of c and φ’ can be obtained from geotechnical databases or from the literature (e.g., Prinz and Strauss, 2011). As c’ is usually more variable, φ’
is fixed and c’ is back-calculated in Pub. 15.
2. Using the combination of measured parameters leading to the most unstable conditions
and therefore the most conservative results (Pub. 8; see Chapter 4). It shall be emphasized
that here, only values of c’ or φ’ derived with one and the same laboratory test should be
used together – i.e., it is not a valid approach to take the minimum of c’ from all tests and
the minimum of φ’ from all tests, if they were obtained with two different tests. c’ and φ’
are interdependent (Pub. 18). Strictly speaking, they are not necessarily meaningful from a
physical point of view. Instead, they are just the offset (c’) and slope (φ’) of the regression
derived from a Mohr-Coulomb diagram and therefore represent statistical rather than
physical parameters.
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3. The most advanced method consists in considering a combination of multiple parameter
assumptions to compute the slope failure probability Pf. This approach allows to consider
the full range of measured values of c’ and φ’ and, for shallow landslides, soil depth
(Pubs. 17 and 18).
Whilst the back-calculation (1.) is rather an experimental approach that should be avoided in
practice, application of the parameters yielding the most conservative results (2.) is useful in geotechnical engineering, where a conservative prediction of stability or instability is needed (see
Chapter 4.2). Testing multiple parameter combinations (3.) is useful for gaining an idea of the spatial probability (susceptibility) of landslides.
In the Pubs. 17 and 18, the tool r.slope.stability is introduced as a further development of r.rotstab
(Pub. 15) and used to compute the spatial probability of shallow (Pub. 17) and deep-seated
(Pub. 18) landslides. Various strategies are tested to appropriately sample values of c’, φ’ and, for
shallow landslides, soil depth d. FoS is then computed for each sample of parameters. Pf depends
on the ratio of samples with FoS < 1. At the end, the highest value of Pf out of all intersecting slip
surfaces is applied to each pixel. Varying of c’, φ’ and d can be done either in a deterministic or in
a stochastic way. Pub. 17 demonstrates that, in this specific case, the deterministic approach performs better than the stochastic approach, where the parameters are sampled randomly. Note that,
in this way, also deterministic models may lead to probabilities (see Fig. 5.3). In Pub. 18 it is attempted to account for the relationship between c’ and φ’ when statistically sampling the parameters.
Even when the geotechnical parameters are sampled in a deterministic way, the tool
r.slope.stability (Pubs. 17 and 18) is not a fully deterministic model (see Chapter 5.2). Instead, it
includes the stochastic component of randomly determined slip ellipsoids. Different model runs
yield slightly different results. If the number of tested ellipsoids is large enough, the results converge. Such a convergence is necessary to gain representative results.
The geotechnical parameters commonly change on geological time scales and are therefore considered as a conditioning factor for slope stability (see Chapter 3.2). On short time scales, the stability of slopes strongly depends on the water status of the materials involved (Fig. 5.4). Slope stability models often make use of hydraulic models. In particular, the infinite slope stability model is
commonly coupled to more or less complex soil water models in order to predict the location and
timing of the failures in an area as a response to precipitation (Montgomery and Dietrich, 1994;
Pack et al., 1998; Wilkinson et al., 2002; Xie et al., 2004a; Godt et al., 2008; Muntohar and Liao,
2010). Even though the importance the water status of the soil and of the direction of groundwater flow for slope stability is undisputed, one has to be careful not to overparameterize the model.
Whilst the water capacity of a given material can be determined at a reasonable accuracy, the hydraulic conductivity K (m/s) is highly uncertain, depending on local conditions and preferential
flow. The standard deviations of literature values of K given for specific grain size classes partly
exceed the averages (Rawls et al., 1983; Carsel and Parrish, 1988). Further, it is hard to validate
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this type of model components as the water status at the time of failure is hardly known. So, including precipitation and infiltration in slope stability models in order to obtain the water status of
the soil are worthwile efforts, but only feasible for comparatively simple systems. Pub. 8, dealing
with a study area characterized by sandy soils and heavy rainfall events, uses the Green-Ampt
infiltration model (Green and Ampt, 1911) for computing saturated depth as a response to rainfall
events of defined duration and intensity. This simple approach represents a valid approximation
only if the soil saturates in top-down direction. In many situations, however, the reverse is the
case, so that the initial groundwater table has to be known for modelling the water status of the
soil. In Pubs. 15, 17 and 18, the slope stability models are executed with the assumption of fully
saturated soil, representing the most unfavourable situation. Fig. 5.4 indicates the importance of
seepage direction for the model results.
As the results of models never represent the reality and are therefore always wrong (see Chapter 5.2), it has to be investigated how well they correspond with observations. In the case of GISbased slope stability models, the observations are represented by a landslide inventory (see Chapter 5.1). Such an inventory commonly consists in a raster map with two possible pixel values: observed landslide and no observed landslide. The model validation compares for each pixel the
model result with the landslide inventory. The type of statistical model used depends on whether
the model result is represented by a FoS or by a probability:
•

FoS maps are converted into binary maps, separating pixels with FoS ≥ 1 (stable or in equilibrium) and pixels with FoS < 1 (unstable). Consequently, four combinations of model result and observation are possible: true positive (TP, observed landslide and FoS < 1), true
negative (no observed landslide, FoS ≥ 1), false positive (FP, no observed landslide,

FoS < 1) and false negative (FN, observed landslide, FoS ≥ 1). The higher TP and TN, the
higher the model quality. The relationship between TP, TN, FP and FN can be illustrated
by four-fold plots (Rossi et al., 2010) or by radar charts (Pubs. 17 and 18; see Fig. 5.4a).
•

Slope failure probabilities (in the range 0–1) cannot be converted into binary datasets
without introducing subjective thresholds. Therefore, a large number of possible thresholds is tested in the same way as 1 is used as the threshold for FoS datasets. The result of
this procedure is known as ROC (Receiver Operating Characteristics) Plot (see Fig. 5.4b).
The true positive rate (the rate of true positive predictions TP out of all positive observations TP+FN) is plotted against the false positive rate (rate of false positive predictions FP
out of all negative observations FP+TN) for selected threshold levels of the slope failure
probability. The resulting points in the diagram are connected by a curve, the ROC Curve.
The area under the ROC Curve, AROC, indicates the quality of the prediction. It is expressed as the ratio of the total plot area. AROC = 0.5, corresponding to a diagonal line,
would reflect a failed prediction, AROC = 1.0 would reflect a perfect prediction. AROC = 0.0
would also reflect a perfect prediction, but with a negative correlation. ROC Plots are used
in the Pubs. 15, 17 and 18 and – in another context – in Pub. 10.
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Fig. 5.4. Validation of slope stability models. a Binary model result (two classes of FoS): radar chart
relating TP, TN, FP and FN. OP = observed positives, ON = observed negatives. b Continuous
model result (slope failure probability): ROC Plot. Both plots were created with a modification of
the validation module of the model application r.slope.stability (Pubs. 17 and 18).
Two more aspects are important to note:
1. In the field of landslide susceptibility modelling, perfect predictions (AROC ≈ 1) are not
necessarily desirable as they indicate an overfit. Given that the landslide inventory is more
or less exactly reproduced by the model results, modelling would not be necessary, but the
inventory could be used as the landslide susceptibility map. Instead, landslide susceptibility mapping aims at identifying also those areas where landslides have not been observed
in the past, but are likely to occur in the future. It has to be considered that landslide inventories are often incomplete as older landslides might not be recognizable any more,
hence only a small portion of the relevant geological period is covered. FP predictions
therefore do not necessarily indicate model failure but may add value to the model results
(Pub. 17). In contrast, FN predictions indicate either model failure or pixels erroneously
identified as landslide areas in the inventory.
2. When employing models not using the inventory as input, the entire inventory may be
used for validation. When employing statistical models developed using the inventory, the
inventory has to be split into two parts, one for model development, the other one for validation. This principle does not only apply to landslide inventories, but to all types of data
used both as model input and for model validation. In Pub. 16, data points for the interpolation of a mean annual precipitation map are split into two subsets: 100 out of 765 data
points are retained for validation.
Whilst the results of GIS-based slope stability models are most commonly discretized – and also
validated – on the basis of pixels, this is not the only possibility. Slope units would be another ac-

Observation and model 71

ceptable level of discretization (Jia et al., 2012). However, using slope units requires appropriate
strategies (i) to define meaningful units and (ii) to discretize the landslide inventory and the model
results to the slope units.
Using r.slope.stability to compute the slope failure probability for the Collazzone Area, AROC ≈ 0.70
for shallow landslides (Pub. 17), and AROC ≈ 0.65 for deep-seated landslides (Pub. 18). When discretizing the results for a 79 km² subsection to slope units instead of pixels, these values increase
to 0.77 and 0.72, a level similar to the range of AROC yielded with statistical models applied to the
same subsection and discretized to the same slope units (0.71–0.75, depending on the method,
Rossi et al., 2010). This comparison indicates that the variability of the input parameters has to be
better understood to make physically-based model results significantly better than statistical ones.

5.4 Models for rapid mass movements
As shown in Chapter 5.3, GIS-supported physically-based modelling of the release of mass movements has become standard in the past decade. This is not so much the case for the motion of mass
movements. Whilst modelling of slow mass movements such as soil creep is a new field (Engl,
2013) and still far away from being applicable in combination with GIS, model development in
general has focused (i) on block sliding (e.g., Cundall, 1980) and (ii) on rapid mass movements
such as granular and debris flows. Here I will focus on deterministic dynamic modelling of (ii).
Granular and debris flows include a broad range of processes such as the flow of corn into a silo. In
geomorphology, the most relevant processes are flows and avalanches of snow, mud, debris or
rocks. They are highly destructive phenomena putting people, buildings and infrastructures at
risk. The delineation of possible impact areas, flow velocities and associated energies is needed for
reducing the risk e.g., for the identification of hazard zones for land use planning, for dimensioning of technical structures or for the design of early warning systems (Hungr et al., 2005a; Pudasaini and Hutter, 2007). The first – relatively simple – deterministic model for granular flows was
developed by Voellmy (1955) after the village of Blons in the Austrian Alps was struck by a catastrophic snow avalanche in winter 1954. This was the birth of so-called mass point models described in more detail in Chapter 6. Since the 1980s, models of increasing physical complexity
were developed (Savage and Hutter, 1989; Takahashi et al., 1992; Hungr, 1995; Iverson, 1997;
Pudasaini and Hutter, 2003; McDougall and Hungr, 2004, 2005; Pudasaini et al., 2005a, b; Pudasaini, 2012). Some of these models were intensively evaluated with laboratory experiments, but
are still far away from being applicable in practice. Others were coupled with existing GIS software packages and/or successfully applied to real-world problems (O’Brien, 2003; Sampl and
Zwinger, 2004; Chau and Lo, 2004; Hungr, 1995; Revellino et al., 2008; Pitman et al., 2003; Christen et al., 2010a, b). However, a full GIS implementation of the more complex models is particularly challenging:
1. The most advanced theories (e.g., Savage and Hutter, 1989; Pudasaini, 2012) build on systems of partial differential equations over time and space. Numerical schemes of these ana-
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lytical models are available for specific topographies (e.g., Gray et al., 1999). However,
elaborating numerical schemes applicable to arbitrary mountain topographies represents a
non-trivial task.
2. The existing numerical schemes mostly use topography-following instead of regular rectangular coordinate systems. Such coordinate systems are reasonable for the tasks to be
solved, but hard to integrate with a raster GIS.

Fig. 5.5. Back-calculation of the 1987 Val Pola Rock Avalanche with r.avaflow (see Appendics B3 and B4). a Map representing the flow height at two different time steps. t = 20 s represents the main phase of the flow, t = 78 s represents the deposit. b Profiles of flow height
and flow velocity at t = 20 s and t = 78 s. More details are laid out in Pub. 7.
Pub. 7 represents an effort to overcome these difficulties: it introduces the GRASS module
r.avalanche (later renamed to r.avaflow, see Appendix B3), which makes use of the Savage and
Hutter (1989) Model and builds on a numerical scheme devised by Gray et al. (1999), Pudasaini
(2003) and Wang et al. (2004) for simple concave topographies with an only vertically curved flow
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line. The model application r.avaflow is therefore suitable for mass movements with more or less
straight flow path. Further, it is mainly applicable to mass movements with a relatively large
width to length ratio such as rock avalanches, rather than to channelized debris flows. The model
was successfully tested with the 1987 Val Pola Rock Avalanche in northern Italy (Pub. 7; Fig. 5.5).
The Savage and Hutter (1989) Model, and therefore also r. avaflow, need a relatively limited set of
input data, compared to other models: a DEM, the depth distribution of the starting mass, the effective angle of internal friction φ’ of the sliding material and the bed friction angle σ. σ describes
the angle of the sliding surface needed to initiate the movement. As soon as the mass has reached a
certain velocity, it can also move over less steep slopes. The modelling success is, however, limited
by uncertainties in the geotechnical parameters, as already discussed in Chapter 5.3. Particularly
when considering deep-seated rock mass movements, an additional challenge consists in the appropriate definition of the released mass:
1. For the back-calculation of previous events, pre-failure DEMs are essential datasets with
regard to the topography before the event and the depth distribution of the starting mass
(Pub. 7). Where no pre-failure DEM is available (e.g., in the case of prehistoric events), a
theoretic reconstruction of the pre-failure topography, as shown in Pub. 20 for the Köfels
Rock Slide, can be an alternative.
2. For the prediction of possible future events, geophysical investigations or drilling (see
Chapter 5.2) may help to gain an understanding of the most likely slip surface. Where
these methods are not available, geometric considerations derived from geological mapping and/or the results of slope stability models (Pubs. 8, 15, 17 and 18) have to be employed. To account for the related uncertainties and to constrain possible outcomes, it is
useful to test a number of scenarios i.e., to run the model with a range of assumptions of
released masses. Scenario analysis is popular in various fields, including climate change
modelling (IPCC 2007, 2013).
In addition to the challenges mentioned above, two aspects make modelling of granular and debris
flows more complex: (i) the characteristics of many phenomena as two-phase flows (Pudasaini,
2012) and (ii) entrainment of sediment. Processes such as debris flows can dramatically increase
their volume and energy, and become exceptionally mobile by scouring channel beds or undercutting banks (Hungr et al., 2005a; Reid et al., 2011). The aspects of two-phase flow and entrainment,
along with flow over arbitrary topography and the possibility to include a stochastic procdure for
deriving probabilities and testing parameter sensitivity, are considered in detail in the research
project avaflow – A GIS simulation model for avalanche and debris flows (see Appendix B4).

5.5 Concluding remarks
Computer models are an important part of contemporary geomorphologic research. On the one
hand they are applied to test whether a system or phenomenon is understood or not (back-
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calculation of observed events or phenomena), on the other hand they can be used to predict future processes such as hazardous mass movements, or probabilities that such processes occur (susceptibility, hazard). There is a trade-off between capturing the system analyzed in its full complexity and having available the necessary parameters. Model results are always wrong as (i) the
models represent generalized views of the systems under investigation and (ii) input data are uncertain. At least three approaches are possible to appropriately deal with parameter uncertainty,
depending on the purpose of the study (see Chapter 4.2):
•

Testing ranges of possible values of the input parameters to compute probabilities. This
procedure relies on the probability density functions of the uncertain parameters and is
employed to derive quantitative susceptibilities, hazards or risks.

•

Executing the model with various sets of uncertain parameters to make predictions of
best-case, medium and worst-case outcomes (e.g., analyzing future scenarios).

•

Considering only the most unfavourable conditions.

Whilst there are methods available to run complex models for large study areas, the quality of
model results strongly depends on the quality and the appropriate parameterization of the input
data (garbage in – garbage out). With increasing complexity of the system considered, the parameterization becomes more difficult. This may result in model failure. If processes are too complex to
be captured by physically-based models (social systems, often ecosystems), or if the required data
are not available or cannot obtained at the desired scale, statistical or rule-based models may be an
appropriate alternative. These types of models are discussed in detail in Chapter 6.
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6 Local scale and regional scale

Scale issues are tightly coupled to issues of data availability and quality (see Chapter 5). Broadscale computer models depend on more general data than models applied at the local scale. The
present treatise covers a wide range of scales, with study areas starting at single slopes or small
catchments of few square kilometres (Pubs. 7 and 8) and ending up at mountain areas of roughly
100,000 km² (Pubs. 10 and 14; see Table 1.2). Scale issues are prominent aspects of most of the
compiled publications. Whilst I have focused on local-scale modelling and associated issues of data
uncertainty in Chapter 5, the present chapter is dedicated to broad-scale modelling efforts, all
based on GIS techniques. Such efforts often pursue a completely different aim than local-scale
modelling (see Chapter 4.3) and therefore require different modelling approaches and different
types of input data than local-scale models. As in Chapter 5, I will focus on modelling of hazardous
processes and consider other aspects where appropriate.

6.1 Data requirements and data availability at different spatial
scales
Working with a raster GIS at a local scale requires detailed data at an appropriate pixel size. This
starts with remotely sensed imagery and digital elevation models (DEMs). Such data are highly
relevant for spatial analyses of all types of urban, rural or near-natural environments. They are
particularly important in remote areas of limited accessibility, such as high-mountain areas
(Kääb et al., 2005).
Whilst high-resolution colour orthoimagery and ready-to-use laser scan DEMs are available for
many areas in economically developed countries at an affordable cost, the situation is more difficult when working in areas where such data are not available, which is often the case for economically challenged countries. As a DEM is needed for many modelling tasks, obtaining such a dataset is often the most pressing need. The following methods are most commonly applied for the
generation of DEMs:
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1. Digitalization of contour lines of topographic maps: this is often the cheapest and most feasible method – however, topographic maps in developing countries sometimes suffer from
an insufficient contour interval. Furthermore, the work load for digitalization may be considerable. Pubs. 7, 15, 17 and 18 use DEMs generated from contour lines.
2. Stereo-matching of aerial photographs or high-resolution satellite images. Pub. 8 applies
grayscale aerial photographs to produce 10 m resolution DEMs. Stereo pairs of SPOT satellite images are used in Pub. 8 for generating 20 m resolution DEMs. A similar approach
can be applied to (expensive) WorldView-1 or other very high resolution imagery products. Declassified Corona imagery (Table 6.1) may be used where available. However, it is
hard to produce accurate DEMs out of them (Pub. 5).
3. Using a terrestrial laser scanner (TLS) or an unmanned aerial vehicle (UAV) are wellestablished options. Sometimes, however, they are connected to logistic problems.
4. An economic option is the use of stereo pairs of digital images taken from the opposite
slope. Such images can be taken using an ordinary digital camera which, however, should
be calibrated. Whilst stereo matching of terrestrial photographs has been a standard task in
other fields such as architecture for a long time, it is relatively new in geosciences. In
Pub. 2, this approach was successfully applied to a slope system in Argentina (Fig. 6.1).

Fig. 6.1. 2 m resolution DEM generated from a stereo pair
of terrestrial images taken with an ordinary digital camera
(Pub. 2). The width of the area is approx.. 800 m, the elevation range is approx. 700 m.
Working at broader spatial scales (pixel size >20 m) offers one major advantage: medium- and
coarse-resolution DEMs and satellite imagery at this level are available worldwide and for free, or
at low cost (see Table 6.1; Table 6.2). A worldwide cover of medium-resolution satellite imagery is
available since the 1970s (Landsat 1-8, EO-1), with pixel sizes up to 10 m panchromatic and 30 m
multispectral. ASTER offers 15 m resolution multiband images at moderate cost. The declassified
Corona Program even provides high-resolution images from the 1960s for large parts of the world
at low cost, even though the images are available in grayscale only and hard to rectify. The global
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availability of medium-resolution datasets facilitates multi-temporal analyses of surficial geomorphologic features such as lakes or glaciers. This is demonstrated in Pub. 10 where the spatiotemporal development of 1640 mountain lakes in the Pamir (Tajikistan) is analyzed using Landsat,
ASTER and Corona imagery.
All satellites listed in Table 6.1 carry passive sensors i.e., they record the radiation reflected from
the atmosphere or from the land or ocean surface. Active sensors, in contrast, record the reflexion
of radiation emitted by themselves (e.g., radar imagery). These sensors are less relevant for the
present treatise and are therefore not considered in more detail.
Table 6.1. Selection of satellite imagery available for free or at low cost. Modified from
http://www.mergili.at/gisrstraining/gisrstraining_datasource.html, last access: 14 November 2014.
Source

Description

Earth Observing-1
(EO-1)

EO-1 was launched by the NASA in 2000 and carries two sensors. The Advanced Land Imager (ALI) records nine channels in the visible and infrared
spectrum, at a spatial resolution of 10 m panchromatic and 30 m multispectral. Hyperion is a hyperspectral sensor with more than 200 spectral channels. EO-1, with smaller scene size, does not yet provide the comprehensive
worldwide cover of the Landsat program, but this may change with increasing
time of operation.

Landsat
program

ASTER

MODIS

Corona

The Landsat program, run by the NASA and the NOAA, consists of a series of
satellites from Landsat 1 to Landsat 8. The first satellite was launched in the
early 1970s. All satellites provide medium-resolution imagery from the
Earth's land surface in the visible and infrared spectra. The spatial resolution
varies between 15 and 120 m, depending on the sensor and the spectral
channel. The size of one scene is approx. 170 x 183 km. In principle, data for
each spot of the earth are available for each 16 days, but the data quality is
sometimes limited by cloud cover.

ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer)
is a sensor of the Terra satellite, which was launched by the NASA in 1999. It
records data for 14 channels in the visible and infrared spectrum with a resolution of 15 to 90 m, depending on the channel. Scene size is approx. 60 x 60
km. Coverage is quite comprehensive. The sensor was built in Japan.
MODIS (Moderate-Resolution Imaging Spectroradiometer) is also carried by
the Terra satellite. It records data for 36 spectral channels, with a spatial
resolution of 250 to 1000 m. Due to its relatively low spatial resolution, the
temporal resolution is high (1-2 days). MODIS is used for the detection of
changes in the lower atmosphere (cloud cover), the land surface (biological
processes, snow cover) and the sea surface (sea ice) on a broad spatial scale
and at various time scales.

The Corona program was a series of strategic reconnaissance satellites run by
the CIA and the US Air Force. It recorded imagery of the USSR and the People's Republic of China between 1959 and 1972. The imagery was declassified
and made publicly available in 1996 for an affordable price. Due to the effective resolution of the scanned imagery of up to approx. 5 m, it provides a valuable reference for studies of environmental changes, for example in the
mountains of central Asia.
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Even though the available medium-resolution DEMs (SRTM and ASTER GDEM; Table 6.2) bear
some limitations in terms of accuracy, their quality is sufficient for most analyses at regional
scales. An improved version with filled holes is available for the SRTM DEM (SRTM V4; Jarvis et al., 2008). The GTOPO30 DEM is best suitable for analyses at continental or even global
scales (Table 6.2). Fig. 6.2 illustrates the optical difference between shaded relief maps derived
from three DEMs with varying pixel sizes.
Table 6.2. Free medium- or coarse-resolution DEMs. Modified from
http://www.mergili.at/gisrstraining/gisrstraining_datasource.html, last access: 14 November 2014.
Source

Description

SRTM4 Digital Elevation Model

The Shuttle Radar Topographic Mission (SRTM), carried out in 2000,
resulted in a DEM for the entire world between 60 degree North and
South. It is freely available at a resolution of 1 arc second (30 m at
the equator) for the United States and at 3 arc seconds (90 m at the
equator) for the rest of the world. Data gaps exist in mountain areas
due to topographic shading. A version with filled holes is available
(SRTM V4; Jarvis et al., 2008).

GTOPO30 Digital Elevation Model

ASTER Global Digital
Elevation Model

The GTOPO30 DEM is freely available worldwide at a resolution of
30 arc seconds, equivalent to approx. 1 km at the equator. It is suitable for maps or investigations at a very broad scale (continental to
global).

The ASTER Global Digital Elevation Model, version 2 (ASTER
GDEM V2) was derived by stereo-matching of a huge number of ASTER scenes. It is available for free and represents a good - or even
better - alternative to the SRTM DEM. However, the finer cell size
(approx. 30 x 30 m) is to some extent offset by a larger degree of
noise.

Fig. 6.2. Haleakala Crater, Maui, Hawaii. Shaded relief images created from a GTOPO30 DEM
(1 km pixel size; see Table 6.2), b SRTM V4 DEM (90 m pixel size; Jarvis et al., 2008) and c DEM
with 10 m pixel size derived from contour lines provided by the State of Hawaii.
DEMs and satellite images are basic datasets applicable for a broad range of purposes. Global – or
at least continental – datasets also exist for more specialized data such as glaciers, vegetation or
seismic hazard. The Global Seismic Hazard Assessment Program (GSHAP; Giardini et al., 1999)
has resulted in in the Global Seismic Hazard Map, provided at a pixel size of 0.0833 degrees, corresponding to approx. 9 km at the equator. It is used in Pub. 14. The World Glacier Inventory (WGI)
hosted by the National Snow and Ice Data Center contains information for more than 130,000
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glaciers worldwide, and the GLIMS Database (Global Land Ice Measurements from Space) is another free resource of global glacier data. The CORINE land cover/land use map is available for the
entire area of the European Union at 100 m and 250 m resolution (European Environment Agency, 2012).
The situation complicates for tasks where more specialized data are needed. At local scales, modelling of hazardous processes often makes use of physically-based models (see Fig. 5.3). At broader
scales, the use of this type of models remains a particular challenge, mainly for two reasons:
1. Slope stability or runout models of this type rely on geotechnical parameters such as the
effective cohesion c’ and the effective angle of internal friction φ’ (see Chapters 5.3
and 5.4). At local scales, the appropriate parameterization is a challenge. This challenge increases with the size of the investigation area. Hence, without advanced parameterization
strategies (Pubs. 17 and 18), the results of physically-based slope stability models at regional or national scales would most likely be too wrong to be useful (Box and Draper,
1987; see Chapter 5.2).
2. With increasing size of the study area, complex models such as r.slope.stability (Pubs. 15,
17 and 18) need more and more powerful computing systems. Further, they need specific
strategies to use these systems in an efficient way (Pubs. 17 and 18).
I will show in the following chapters how statistical and rule-based models (see Chapter 5.2) can
be used for broad-scale modelling of hazardous processes and other spatially distributed phenomena, employing the globally available datasets introduced above in addition to other, more specialized data.

6.2 Statistical models
Statistical models are appropriate for a broad range of tasks and spatial scales (see Fig. 5.3). In
combination with GIS, they are particularly useful for cases where deterministic or stochastic
models are not supported by the available data, but where observations of the target phenomenon
(as points or as spatially distributed datasets) and raster datasets of the explanatory variables are
available:
•

With regard to analyzing vegetation-environment relationships, point data of species occurrence may be overlaid with environmental raster layers in order to find statistical relationships (Pub. 3). The results can be represented as scatter plots of a PCA (Principal Components Analysis) or a DCA (Detrended Correspondence Analysis). Further, the statistical
outcomes of overlaying target and explanatory variables may be used to create prediction
raster maps, displaying the expected plant community for each pixel. Such models may
help to identify the factors – or ecosystem components – the plant communities respond
most sensitive to. They can also be used to predict the response to a certain disturbance
such as fire, or to a changing climate.
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•

Whilst vegetation can be mapped in the field or from satellite imagery in its spatial distribution, this is not possible for soil. Digital soil mapping (McBratney et al., 2003) therefore
makes use of statistical analysis methods to create raster maps of soil characteristics from
point data, using raster maps of environmental variables as predictors. Such an approach
was tested in Pub. 1 for a catchment in western Austria, identifying a number of challenges and limitations.

•

Long-term averages of climatic parameters are often derived from series of point measurements such as thermometers or rain gauges. Interpolation procedures are necessary to
create raster maps from point data (Goovaerts, 2000). Pub. 16 presents the interpolation
algorithm gradgrid4 (see Appendix B3) for creating maps of mean annual and seasonal precipitation for the mountainous Tyrol Region (Austria nad Italy). gradgrid4 uses a local interpolation approach, considering vertical precipitation gradients.

•

With regard to statistical landslide susceptibility modelling (see Chapter 5.2 for details and
references), predictor raster maps such as slope, topographic index, rock type, vegetation
or land use can be derived from the sources listed in the Tables 6.1 and 6.2, from other
remotely sensed data sets or from field mapping efforts. Landslide inventories (see Chapter 5.1) are sometimes available from national or regional agencies, but often have to be
prepared through field mapping or through the interpretation of remotely sensed data.

A particular type of statistical models consists in empirical-statistical relationships of mass movements. As they are commonly coupled to rule-based models and sometimes contain physicallybased aspects, they will be considered separately in Chapter 6.4.

6.3 Rule-based models
Pub. 14 aims at producing hazard and risk indication maps with regard to different types of highmountain processes for a study area size of approx. 100,000 km², including the upper catchment of
the Amu Darya river in the Pamir Mountains (mainly on the territory of Tajikistan). Reference
data are sparse in this remote high-mountain area, so that much of the analysis relies on the available global datasets (see Tables 6.1 and 6.2) and derivatives thereof. In such a case, there is no alternative to using a rule-based approach (see Fig. 5.2). Rule-based approaches, as indicated by their
name, apply a more or less complex set of rules to a set of input maps or variables in order to create a set of output variables. These rules may be derived from the results of deterministic, stochastic or statistical models (see Chapter 6.4), from observations or from expert knowledge. They are
reproducible, but may contain subjective components. In general, rule-based models are applied
where a certain degree of knowledge of the phenomenon under investigation is available, but the
availability of data does not support the use of other types of models. In principle, also classification schemes (e.g., see Tables 4.1 and 4.2) may be classified as rule-based models. Let me give three
examples relevant for the present work:
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•

Regional or global permafrost distribution maps. As permafrost is a highly complex phenomenon involving numerous variables (Harris et al., 2009), physically-based models are
only useful for improving the understanding of local-scale phenomena. The global permafrost zonation map of Gruber (2012), even though including different components, is most
appropriately characterized as the result of a rule-based model. The Pubs. 9, 10 and 14 describe the development and application of a map of potential permafrost areas for the territory of Tajikistan. A system of rules-of-thumb of lower permafrost boundaries established
by Haeberli (1975) for Switzerland is adapted to the temperature regime in Tajikistan
(Pub. 9) and applied to the SRTM V4 DEM (Jarvis et al., 2008; see Table 6.2). Such an approach disregards local conditions such as snow cover or irradiation, but it can help to gain
a rough idea on permafrost distribution at broad scales. The maps are used to identify lakes
in potential permafrost areas (Pub. 10) and to locate possible starting areas of periglacial
debris flows (Pub. 14). In Pub. 9, potential future permafrost distribution maps are created
for various assumptions of temperature changes in order to assess the possible response of
permafrost distribution to scenarios of temperature increase established by the IPCC
(2007).

•

Map of possible source areas of large rock mass movements (Pub. 14). Reliable data on the
internal structure of rock slopes and on the associated strengths are hard to obtain at broad
scales. Therefore a simple, purely topography-based approach is chosen, adopting an idea
presented by Hergarten (2012): for each pixel of the DEM, inverse cones with varying
slopes are put on the topographic surface. Those areas where cones with a steep slope angle cut off a large part of the terrain are considered more susceptible than others (Fig. 6.3).

•

Hazard and risk indication maps building on ordinal-scale scoring schemes or decision
trees. This type of approach has been employed for multi-hazard analyses (Kappes et al.,
2012; van Westen et al., 2014). Pubs. 6 and 14 make use of such schemes (Fig. 6.4) for the
analysis of high-mountain hazards and risks in the Pamir, partly building on concepts introduced by Huggel et al. (2002; 2003; 2004a, b). Pub. 14 aims at the identification of possible (i) source areas and (ii) impact areas of hazardous processes and (iii) areas at risk for
four process types: rock slides, ice avalanches, periglacial debris flows and lake outburst
floods. The main output data consist in raster maps of the hazard indicator H, the impact
hazard indicator IH and the risk indicator R for each process (see Fig. 6.4). The approach
relies on the ASTER GDEM V2 (see Table 6.2), the potential permafrost distribution map
produced in Pub. 9, the multi-temporal lake inventory produced in Pub. 10, the map of
source areas of large rock mass movements, and glacier and land use distribution maps obtained from remotely sensed datasets.

In order to derive the impact hazard in Pub. 14, the hazardous process identified has to be routed
down from its source area. Also here, a rule-based approach is used. It employs statistical relationships derived from large datasets derived from observations in other parts of the world in combination with a random walk procedure (Gamma, 2000) to estimate the travel distances and impact
areas of potential mass movements (see Chapter 6.4).
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Fig. 6.3. Cone-based method for the identification of possible source areas of large rock slides. β = slope of the assumed slip surface.

Fig. 6.4. Scoring schemes for a lake outburst hazard indicator and b risk indicator (Pub. 14). All
classes of indicators or scores are understood as ordinal values, independently whether they are
expressed as a number or as a text.
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6.4 Routing of mass movements
The complexity of the motion of mass flows was introduced in Chapter 5.4. Whilst it is a worthwhile effort to try facing these complexities and building physically-based models suitable to simulate particular observed or hypothetic events, the application of such models at broader scales
would suffer from excessive parameter uncertainies, and possibly also from unacceptably long
computing times. Two classes of GIS-compatible models are suitable to identify possible impact
areas of mass movements for large areas:
•

Empirical-statistical models. A common way to gain a first estimate of the travel distance
of mass movements is the use of threshold values of average slope angles or horizontal and
vertical distances (Lied and Bakkehøi, 1980; McClung and Lied, 1987; Burton and Bathurst, 1998; Corominas et al., 2003), related to volume (Scheidegger, 1973 for rock slides;
Rickenmann, 1999 and Scheidl and Rickenmann, 2010 for debris flows). Table 6.3 summarizes some of these approaches, gained from the analysis of documented events. Some include basic physical principles (Blahut et al., 2010; Kappes et al., 2011). Within the present
treatise, empirical-statistical approaches are employed in the Pubs. 6 and 14.

•

Mass point models (or semi-deterministic models, as named in Pub. 8) – going back to the
work of Voellmy (1955) – consider only the centre of the flowing mass, but not its deformation and the spatial distribution of the flow parameters. However, Voellmy (1955) went
one step further than empirical-statistical models and related the shear traction at the base
to the square of the velocity, assuming an additional Coulomb friction effect (Pudasaini
and Hutter, 2007). The Voellmy (1955) model was further developed and applied e.g., by
Perla et al. (1980), Gamma (2000), Wichmann and Becht (2003) and in Pub. 8.

Whilst mass point models, still requiring some geotechnical input data, are also applied at local
scales (Pub. 8), empirical-statistical models are used in combination with GIS primarily for regional-scale studies (Pubs. 6 and 14). Employing empirical-statistical approaches in combination with
GIS has to take into account the way the horizontal distance of reach was measured: along the
direct line from start to end or following the (curved) flow path.
Routing a flow or fall from its starting area through a GIS raster map along the steepest flow path
(which would be the most intuitive procedure) would result in a linear impact area without lateral
spreading. Such behaviour, however, is not characteristic for mass movements. Therefore, with
statistical and mass point models, random walk procedures based on Monte Carlo techniques
(Gamma, 2000) are used for routing the flow in order to simulate a certain degree of lateral spreading (Pubs. 6, 8 and 14; Fig. 6.5). Random walks build on the idea to route the flow or fall through
the raster for a large number of times, each time starting from the same pixel but following a different flow path. Each run has a higher probability to follow a more likely than a less likely flow
path.
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Table 6.3. Selected empirical relationships used for estimating the average slope of reach of different types of mass movement processes. GLOF = glacial lake outburst flood, L = travel distance,
Vd = debris flow volume, ΔZ = loss of elevation, ωr = average slope of reach, Qp = peak discharge.
Relationship

L = 1.9Vd

0.16

∆Z 0.83

log10 tan 𝜔𝑟
= −0.15666 log10 𝑉𝑟
+ 0.62419

References

Remarks

Scheidegger (1973)

Rock slides (empirical mean)

Rickenmann (1999)

log10 tan 𝜔𝑟
= −0.103 log10 𝑉𝑟 + 0.165

Noetzli et al. (2006)

ωr = 17°

Huggel et al. (2004a)

log10 tan 𝜔𝑟
= −0.103 log10 𝑉𝑟 − 0.040
ωr = 11°

ω r = 18Q p −0.07
ωr≥2°

Noetzli et al. (2006)

Haeberli (1983), Huggel et al.
(2003), Huggel et al. (2004a)
Huggel (2004)

Haeberli (1983), Huggel et al.
(2004a)

Debris flows in general

Rock-ice avalanches
(empirical mean)

Rock-ice avalanches
(maximum possible)
Ice avalanches

Debris flows from
GLOFs or periglacial
debris flows
Worst case for debris flows from
GLOFs

Floods from GLOFs

In Pubs. 6, 8 and 14, this procedure is implemented in the following way: considering any pixel
the random walk passes through, all neighbouring pixels with a lower elevation as the starting
pixel are considered as possible target pixels. Each neighbour pixel is assigned a probability to be
reached by the random walk, depending on the slope from the starting pixel and (in Pub. 14) on
other factors such as the maintenance of flow direction. This probability is expressed as a fraction
of the range 0–1 i.e., the larger the fraction, the higher the probability. Next, a random number in
the range 0–1 is generated. The pixel to which the flow proceeds purely depends on this random
number. If the random walk passes through a pixel for 1000 times, the flow will proceed to pixels
with a probability of 0.8 for approx. 800 times and to pixels with a probability of 0.2 for approx.
200 times etc. In this way, the pixels along the steepest flow path will have the highest number of
hits whilst also adjacent pixels will be considered as possible impact areas. Spreading will be limited for channelized topographies and more pronounced for uniform slopes such as debris cones or
alluvial fans. However, as van Westen et al. (2006) showed, the influence of the routing algorithm
on the modelled deposition areas is considerable.

Local scale and regional scale 85

Fig. 6.5. Simplified illustration of a random walk approach. The flow is
routed through the raster for 1000 times and for each pixel it passes, a
random number is generated, determining the outflow direction. The
travel distance is determined by a mass point model or an empiricalstatistical relationship (see Table 6.3).

6.5 Concluding remarks
Statistical and rule-based approaches for mass movement modelling efforts are rejected by many
geotechnical engineers. Indeed, they are not suitable for specific planning purposes such as hazard
zoning for a single village, the design of protective structures or the definition of building codes
(see Chapter 4.2). However, they represent valuable tools for gaining a basic idea of broad-scale
patterns without the need for detailed, often hard-to-obtain data.
Whilst it was shown that these types of models are used in various contexts, it may be useful to
refer to Pub. 14 for summarizing some of the key messages. The purpose of the model approach
followed in Pub. 14 and the resulting hazard and risk indication maps is to provide a reproducible
basis for prioritizing hazard and risk assessment studies and mitigation measures at the community
scale. Whilst this type of effort may be obsolete in areas with a robust record of damaging events
and scientific studies, the approach chosen is thought to be useful for the study area in the Pamir
for two reasons.
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1. The low level of awareness and therefore high vulnerability of the local population to
these types of hazards, even though NGOs have launched programs to improve the awareness of and the preparedness for geohazard events in the previous decade (see Chapter 2.3). This situation is comparable to other high-mountain areas in developing countries
(e.g., Carey, 2005). The results of the study presented in Pub. 14 shall highlight possible
high-risk areas and serve as a baseline for in-detail studies and risk mitigation procedures.
2. The general difficulty of establishing frequencies for rare or singular events such as GLOFs
or very large rock mass movements in combination with sparse historical data in the study
area makes strictly quantitative approaches such as statistical methods inapplicable. Hence,
a hazard and risk indication scoring scheme has to be applied, even though such a concept
introduces a certain degree of subjectivity.
Consequently, the outcome of the study should not be seen as definite hazard and risk maps, but
rather as rough hazard and risk indication maps. The hazard and risk indicator classes are just described by ordinal numbers instead of definite names such as moderate hazard, extremely high risk
etc. (see Fig. 6.4). Whilst the interpretation of the model results on the basis of GIS raster cells
may be appropriate for scientific discussion, interpretation at the scales of communities, catchments or even regions is suitable for the design of risk mitigation measures.
A limitation of scoring schemes (see Fig. 6.4) consists in their lacking capacity to adapt to unexpected parameter settings. These schemes are commonly developed for specific purposes in specific settings. The risk indication scheme illustrated in Fig. 6.4b was designed for rural areas. The
ordinal scale used for the exposure would not be appropriate for urban environments as most pixels would be assigned to the highest class, not allowing for the identification of areas being more at
risk than others. A similar problem concerns the lake size classes of Fig. 6.4a. It was designed to
suit for the lake size distribution in the study area and is not necessarily useful for other areas.
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7 Chances and risks

In 2006, the Grootbos Nature Reserve in the Cape Region of South Africa was struck by a huge
wildfire, affecting most of the ecosystems of the Agulhas Plain. The tourist infrastructure of the
privately owned reserve, operating as a high-end tourist destination, was severely affected. A new
luxury lodge was completely destroyed. The fire converted many square kilometres of unique and
beautiful fynbos shrubland into an obviously dead place, hostile to every type of life, a desert of
black ash and skeletons of formerly flushing shrubs. The reserve had to close down for many days,
leading to significant economic loss.
I can also tell this sad story about the beautiful place where I have started my scientific career
(Pub. 3) in another way: in 2006, the Grootbos Nature Reserve in the Cape Region of South Africa
was struck by a huge wildfire. A lot of old, grown-up vegetation was removed by the fire. The
heat led to opening of the dormant seeds of many plants, enabling regeneration. Further, the bare
soil after the fire allowed a lot of herbaceous plants to thrive, so that everything was green after a
few weeks and several species never encountered in the reserve before were discovered.
Wildfires in that part of the world are absolutely necessary for maintaining the diversity of the
unique fynbos ecosystems. Even though causing direct economic loss, the indirect effects of wildfires are required for maintaining the ecosystems bringing tourists to the area and income to the
local population (see Chapter 3.4 and Fig. 3.11). This example shows that chances and risks are
often closely related. In principle, risks are chances and chances are risks. Both terms stand for
situations with an unknown outcome. However, chances are commonly associated with possible
positive outcomes whilst risks are rather associated with possible negative outcomes. Both terms
are widely used. The concept of risk is particularly prominent in financial and insurance business
(Felgentreff and Dombrowsky, 2008).
As shown in Fig. 1.2, the present work is concerned both with chances and with risks, but with a
clear focus on the risks (most of the compiled publications). However, at least Pub. 11 is directly
relevant with regard to chances.

88 Chances and risks

7.1 The risk concept
The term risk is very broad, and it is used in ambiguous ways. Here, I keep to the book of Felgentreff and Glade (2008). The International Strategy for Disaster Reduction of the United Nations
(UNISDR) defines Risk as follows (Felgentreff and Dombrowsky, 2008):
“The probability of harmful consequences or expected losses (death, injuries,

property, livelihoods, economic activity disrupted or environment damaged) resulting from interactions between natural and human-induced hazards and vulnerable conditions. Conventionally risk is expressed by the notation
Risk = Hazards x Vulnerability.
Some disciplines also include the concept of exposure to refer particularly to the
physical aspects of vulnerability. Beyond expressing a possibility of physical
harm, it is crucial to recognize that risks are inherent or can be created or exist
within social systems. It is important to consider the social contexts in which
risks occur and that people therefore do not necessarily share the same perceptions of risks and their underlying causes.”
It is important to add that Risk is understood in different ways, depending on the discipline.
Whilst, in the insurance business, a risk is the opposite of a chance, it is understood as a reduction
of safety in engineering (Felgentreff and Dombrowsky, 2008; see Chapter 4.2 and Fig. 4.2). Also
the risk equation is far away from being a fundamental physical law – instead, its formulation depends on the discipline and the purpose. In the insurance business, risk is commonly expressed as
the probability of occurrence of an adverse event multiplied with the expected loss per unit of
time (Felgentreff and Dombrowsky, 2008).
Risk notations employed in engineering use comparable equations. The Technical Committee of
Risk Assessment and Management (TC32) of the International Society of Soil Mechanics and Geotechnical Engineering provides a Glossary of Terms for Risk Assessment (ISSMGE TC32, 2004).
There, risk is defined as the “measure of probability and severity of an adverse effect to life,

health, property, or the environment […]” or
“Risk = Hazard x Potential Worth of Loss.”
Whilst the potential worth of loss represents the socio-economic dimension of the risk, hazard is
the “probability that a particular danger (threat) occurs within a given period of time”. Considering landslide hazards, hazard can be expressed as the product of the frequency of the landsliding
and the probability of the landslide to reach the element at risk (see Fell et al., 2005 for more details). High-magnitude landslide processes in terms of involved volume or affected area occur less
frequently than small (low-magnitude) events, a rule valid for many types of processes. The frequency is often closely associated to the frequency of triggering events (see Chapter 3) – in the
case of landslides, such triggering events often consist in strong earthquakes or in heavy or prolonged rainfall.
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Even though high-magnitude events will rather affect a large number of people than small events,
there is no linear relationship at all: if large events occur in sparsely populated areas without exposed people or economic values, the risk and therefore also the impact is zero.
The above definitions are expressed in terms of mathematical equations. However, they can also
be expressed in a “softer” way. The UNISDR defines hazard as ”A potentially damaging physical

event, phenomenon or human activity […]” and natural hazards as “Natural processes or phenomena occurring in the biosphere that may constitute a damaging event […]” (Felgentreff and Dombrowsky, 2008). However, these definitions still follow a natural-scientific point of view (see
Chapter 2).
It strongly depends on the particular characteristics of the social systems involved whether environmental processes are perceived as risks or as chances. Felgentreff and Dombrowsky (2008) exemplify this phenomenon with the positive perception of floods by farmers along the Nile and
with the negative perception of floods by inhabitants of European towns. I will go more deeply
into the issues of disasters and chances and of the perception of hazards and risks in the Chapters 7.3 and 7.4.
Consequently, the risk may be interpreted as a social rather than as a natural phenomenon, as expressed in the second part of the definition given by the UNISDR. Risks are often associated with
decisions (Felgentreff and Dombrowsky, 2008). These decisions – mainly concerning measures to
reduce the hazard or the vulnerability – may be taken by political actors or by private persons.
Decisions may be the result of multiple attractors where risks connected to natural hazards are not
always the decisive aspects. The 1963 Vajont Disaster (see Chapter 4.3) was the result of prioritizing economic interests over safety considerations. Concerning the decisions of single actors, economic considerations are weighed against safety when constructing a residential building, and the
personal ambition is weighed against safety when skiing down an avalanche-prone slope.

7.2 Landslide disasters and the risk management cycle
Landslides and other types of hazardous processes have affected human societies for a long time.
Over this time, the approaches for dealing with the consequences of such threats have changed.
However, hazards or risks are more or less abstract phenomena – at least in their mathematical
notation, they simply refer to the possibility that something adverse could happen. If something
happens, this is not necessarily a disaster. The impacts of most damaging events are relatively mild
(high-frequency, low-magnitude events) and cause limited economic damage rather than casualties or fatalities. In contrast, a relatively small number of events causes fatalities and casualties
along with a huge amount of economic damage (Fig. 7.1). Such events are commonly referred to as
disasters, even though this term is highly ambivalent (Felgentreff and Dombrowsky, 2008). We
have already learned in Chapter 4 that many disasters are the consequence of failing social systems. Even though natural processes are key system components of natural disasters, the central
component is always the society.
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Here I return to the issue of landslides, continuing the considerations of Chapter 4. In contrast to
landslide processes, defined and classified according to physical characteristics of the phenomena
(see Tables 4.1 and 4.2 and Fig. 4.1 in Chapter 4.1), landslide disasters are defined according to
societal impacts. Organizations dealing with the alleviation of disaster impacts define disasters as a
disruption of everyday life and the need for protection, food, clothing, shelter, social and medicinal care (Felgentreff and Dombrowsky, 2008). Insurances obviously have to use quantitative approaches in terms of fatalities, casualties and financial losses.
Table 7.1 summarizes the numbers of natural disasters in general and landslide disasters in particular, organized by continent for the period 1900–2013. The term natural disasters is used to differentiate disasters related to natural processes from those related to technological failures, in full
awareness that the disasters themselves are social rather than natural (Felgentreff and Glade,
2008). The number of fatalities and the number of affected people are given as measures for the
general magnitude of the disasters. The data are obtained from the EM-DAT database (EM-DAT,
2014), including only those events with at least 10 fatalities, 100 affected people, the request for
international assistance or the proclamation of the state of emergency. In addition to human losses, the database also provides information on economic losses. However, the data displayed in Table 7.1 are considered more expressive since (i) the data on economic losses appears highly incomplete and (ii) they do not necessarily capture the impact of a disaster on the society. Felgentreff
and Dombrowsky (2008) cite an example from Wijkman and Timberlake (1984): 1 million $ damage in a wealthy US suburb impacts the society to a much lesser extent than the widespread destruction of houses in economically challenged countries with less than 1 million $ loss.
Fig. 7.1a illustrates the importance of landslide disasters compared to all natural disasters. Globally, 4.4% of all natural disasters in the period 1900–2013 were landslide disasters, and 0.18% of all
fatalities from natural disasters were related to landslide disasters. An average landslide disaster
caused 106 fatalities whilst an average natural disaster (including landslide disasters) caused 2522
fatalities. Further, the account of natural disasters is dominated by a small number of very severe
epidemics, droughts and floods exceeding 1 million fatalities (EM-DAT, 2014). Even very large
landslides generally affect smaller areas than earthquakes, floods, droughts or epidemics. These
patterns are clearly reflected in the magnitude-frequency curves shown in Fig. 7.1b.
Asia and the Americas are the hot spots of both landslide disasters and natural disasters in general.
In relative terms, landslide disasters are most prominent in Asia, in the Americas and in Oceania
(see Table 7.1 and Fig. 7.1a). For Asia, however, this pattern is only observed for the number of
landside disasters, the number of fatalities is dominated by very high impact floods, epidemics and
earthquakes. Almost 80% of all people killed by natural disasters worldwide were killed in Asia. In
absolute terms, the number of fatalities due to landslide disasters is almost as high in Asia as in the
Americas (see Table 7.1). The obviously high landslide risk on these continents is explained by the
presence of large, humid and/or earthquake-prone mountain areas, densely populated by vulnerable societies. Peru, Colombia, Honduras and Ecuador display the highest numbers of landslide
disasters and associated fatalities in the Americas (Pub. 19 includes more detailed information on
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the Andean Region). China, India, the Philippines, Indonesia and Nepal are their counterparts in
South and Southeast Asia. These findings are in line with the map of global hot spots of landslide
risk published by Nadim et al. (2006).
Table 7.1. Landslide disasters and all natural disasters according to continents in the period 1900–
2013. Numbers of fatalities and affected persons are given in thousands. Data source: EM-DAT
(2014).
Continent
Africa

Americas
Asia

Europe

Oceania
Sum

Landslide disasters (n = 568)

All natural disasters (n = 12,890)

Number

Fatalities

Affected

Number

Fatalities

Affected

173

21.98

5,273

3,215

823.0

248,173

35

303
38
19

568

1.385
20.52
15.44
0.622
59.96

29.59
4,108
24.89
3.263
9,439

2,371
5,104
1,609
591

12,890

1,368

26,150
4,154
19.03

32,513

454,987

6,024,347
62,326
20,754

6,810,588

Fig. 7.1. Landslide disasters, related to all natural disasters. a Per cent of landslide disasters out of
all natural disasters given for each continent with regard to number of disasters and number of
fatalities. b Magnitude-frequency curves of natural disasters in general and landslide disasters in
particular for the period 1900–2013. As only those disasters with fatalities are considered, the
number of cases is smaller than in Table 7.1 and a. Data source: EM-DAT (2014).
The EM-DAT database lists the former Soviet Union as the country with the highest number of
landslide fatalities in the period 1900–2013. 12,345 people were killed in “only” seven disasters
(EM-DAT, 2014). The main reason for this surprising observation is the 1949 Khait Event (see
Chapter 4) which is given with 12,000 fatalities. This number is probably by far too high (Evans et al., 2009b). The disaster of Khait was triggered by an earthquake, but correctly classified as a
mass movement. Other earthquake-triggered landslide disasters such as the 1970 Huascarán Event

92 Chances and risks

(see Chapter 4.3; Evans et al., 2009a), or landslides associated with the 2008 Wenchuan Earthquake (Sato and Harp, 2009), are classified as earthquake disasters. The number of fatalities in
these and other “secondary” landslide disasters ranges in the same order of magnitude as the total
number of fatalities from events classified as landslide disasters in the associated countries. Therefore, the database underestimates the impact of landslide disasters. Furthermore, the data may be
biased by a significant number of unaccounted disasters in remote areas in the earlier stages of the
20th century.

Fig. 7.2: The Risk Management Cycle. Modified after Dikau and Weichselgartner (2005).
As risks are not primarily determined by nature and disasters are not primarily caused by nature,
the social systems should be able to reduce risks and to prevent disasters. Equally, they should be
able to appropriately deal with the consequences of damaging events which are not always completely avoidable. All efforts in these directions are summarized as risk management. An important premise of all modern techniques dealing with “natural” risks in general and with landslide risk in particular is to include both the natural and the societal components. Today, several
techniques and tools are known for risk management (Kienholz et al., 2004; Fell et al., 2005;
Leroi et al., 2005). A large number of articles concerning different aspects of landslide risk management is compiled in Hungr et al. (2005b) or in Geotechnical Engineering Office (2007).
Fig. 7.2 shows one of many possible representations of an idealized risk management cycle, building on Kienholz et al. (2004), Dikau and Weichselgartner (2005) and von Elverfeldt et al. (2008).
The direct response to a damaging event (which may be a disaster or not) is followed by recovery
and by the prevention of future damaging events. As soon as a new event is predicted (e.g., when
an intense rainfall event is forecasted), the societies prepare to the possible event. Recovery starts
after the event, and so on.
However, the stages of risk management should not be seen as purely sequential. Recovery should
always take into consideration prevention of future events (e.g., by reconstructing roads or build-
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ings in safe places or with adequate protection measures; Fig. 7.3). Equally, the prevention and
preparation stages are closely associated as emergency measures have to be planned in advance
(Fig. 7.4). This aspect is important with regard to emergency warning systems, but also for the
definition of evacuation pathways and safe places – in general, it includes all activities of raising
awareness and improving preparedness. Within the scope of the present treatise, Pub. 12 mainly
deals with the stages of preparation and response. The Pubs. 4, 5, 6, 7, 8, 9, 13, 14, 15, 17 and 18
are concerned with the identification of susceptible or hazardous areas at various spatial scales (see
Chapters 5 and 6) and can therefore be seen as a basis for the prevention stage.

Fig. 7.3. Recovery and risk prevention. a Wangjiayan Landslide, Beichuan, Sichuan,
People’s Republic of China. Triggered by the Wenchuan Earthquake in May 2008,
this landslide buried part of the town. After this and other mass movements, the site
of Beichuan was declared unsafe and moved to another place. b Schildalmgalerie Rock
Slide, East Tyrol, Austria. The mass movement, having occurred without an obvious
trigger, destroyed a section of the Felbertauern Highway in May 2013. The track of
the temporary bypass road at the bottom of the image will also be used for the permanent reconstruction of the road. Reconstruction along or close to the original track
would expose the road to further rock fall hazards unless expensive protection
measures – such as a tunnel – would be implemented.

94 Chances and risks

Fig. 7.4. Risk prevention and preparation. a Simple early warning system for debris
flows in Khidorjev, Tajikistan. b Monitoring centre for landslide hazards in Aosta, Italy. c Bridge for emergency evacuation in Baños, Ecuador, a place threatened by eruptions of the volcano Tungurahua.

7.3 Chances, risks and disasters
Mountain reservoirs, whether natural or man-made, are often seen as a huge chance for hydropower generation. However, this type of water bodies may also bear a considerable level of hazard
and risk (the Vajont Disaster was shortly discussed in Chapter 4.3). In the last two decades, dam
safety issues have gained particular political importance in Central Asia where, after the decay of
the Soviet Union, disasters could now easily evolve to transboundary disasters (see Chapter 3.3).
Whilst combined strategies for hazard reduction and hydropower generation are discussed for the
landslide-dammed Lake Sarez (Schuster and Alford, 2004; Risley et al., 2006), most attention is
paid to the Rogun Dam, projected since Soviet times (see Chapter 3.3). Seen as a big chance for
attacking energy shortage by Tajikistan, the project is considered as a threat by the downstream
country of Uzbekistan in terms of (i) the impact of geological hazards and a resulting transboundary flood disaster and (ii) unfair control of the water flow of Amu Darya (Wegerich, 2008).
Whilst the chances have to be weighted against the risks when planning or operating a hydropower plant or any other type of technical system, there are also other ways to approach the field
of tension between chances and risks: in the risk management cycle (see Fig. 7.2), the risk prevention stage is strongly directed towards preventing or at least reducing the negative effects of possible future physical processes. Formulating the same thing in a positive way would lead to the concept of adaptation. In contrast to prevention, adaptation does not only include the prevention of
negative impacts, but also the exploration of positive effects. It is much used in the context of cli-
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mate change, which can be seen both as a chance and as a risk. Schneider et al. (2007), in the
Fourth IPCC Assessment Report, expect a clearly negative impact of climate warming, the risks
exceeding the chances. However, social systems would be more adaptive than eco- and geosystems
(see Chapter 3.1). Key regions of climate warming impacts would be (Schneider et al., 2007):
•

Polar and mountain systems, due to changes in the cryosphere and the resulting changes
in the water budget.

•

Low-latitude developing countries, both due to a limited adaptive capacity and a higher
sensitivity to extreme weather events.

Some of the publications of the present treatise focus on changes observed in and projected for
mountain systems in developing countries, and are therefore highly relevant in terms of climate
change adaptation (Pubs. 6, 9, 10, 11 and 14). The Pubs. 6, 9, 10 and 14 assume a natural scientific
viewpoint (see Chapter 2) in focusing on changes in the high-mountain geosystems of Central
Asia. The globally observed trend of glacier retreat (Pub. 9) and the associated growth of glacial
lakes (Pub. 10) can be confirmed for these areas. Pub. 9 further attempts to predict the retreat of
possible permafrost areas. However, all these pieces of work contribute to the scientific basis for
climate change adaptation rather than to the adaptation itself. The role of the Central Asian
mountain systems as water towers for the surrounding lowlands was discussed in detail in Chapter 3.3.
Pub. 11, in contrast, assumes a social scientific viewpoint in analyzing the adaptations to climatic
(and also socio-economic) changes experienced by mountain farmers in the Andes of Colombia.
Whilst the findings of this study were already presented in Chapter 2, it shall be pointed out here
that optimizing the interactions within the local social systems may significantly increase the
chance for adapting to climatic changes even in societies with a limited adaptive capacity in the
sense of Schneider et al. (2007).
I was opening up the present chapter with the example of a wildfire to be interpreted as a damaging event – or even as a disaster – or as a chance, depending on the point of view. Disasters may
also help conserving cultural heritage, as it was the case with the eruption of Mt. Vesuvius (Italy)
in AD 79. More importantly, as already introduced in Chapter 4.3, the risk management cycle (see
Fig. 7.2) often starts with the disaster. Even though such a situation indicates a failure of the social
system – ideally, the initial step should be prevention or adaptation – disasters may be perceived as
chances to prevent future disasters, and sometimes they also change the view of the world. The
most-cited historical example of such a mind-changing event is the 1755 Lisbon Disaster, consisting in a process chain earthquake – tsunami – fire with an estimated total number of 60,000–
100,000 fatalities and most buildings and infrastructures destroyed. The response to this disaster is
often seen as the start of “modern” risk management even though it had put a temporary brake on
the Enlightment (Chester, 2001; Dynes, 2003). At a finer scale, three major landslides with a total
of >175 fatalities in the period 1972–1976 were the turning point of landslide risk management in
Hong Kong (Chau et al., 2004; Malone, 2007; see Chapter 4.3). The fact that disasters often represent the starting point of risk management is not only valid for “natural” disasters, but for any kind
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of disasters. Events of this type increase the awareness on the one hand, and mobilize financial
resources on the other hand.
The previous paragraph indicates that disasters – representing revolutions of the systems affected
(see Chapter 3.2) – may be considered as a chance for a new, more modern and better adapted
development. However, the realization of such a development cannot be considered as a general
rule – the lessons learnt from experiences with risks and disasters do not always lead to the appropriate reactions (Wachinger et al., 2012). Reconstruction of damaged structures is often constrained by pressure of time, impeding the implementation of improved building codes or other
types of risk reduction strategies. The 1906 San Francisco Disaster (earthquake and fire) may serve
as an example for such a failure – reports say that the building standards for reconstruction did not
reach those of 1906, so that much of today’s structures might be highly vulnerable to an earthquake less powerful than the event of 1906.

Fig. 7.5. Earthquake-induced ghost towns. a L’Aquila, Abruzzo, Italy. Main square Piazza del Duomo four years after the 2009 earthquake. Lacking refurbishment of the
damaged buildings has converted the historical centre – a UNESCO World Cultural
Heritage Site – into a ghost town. b Beichuan earthquake relics, Sichuan, People’s Republic of China. After the damages caused by the 2008 earthquake and a series of associated mass movements, the site was declared unsafe and the town was rebuilt in
another place (see also Fig. 7.3a).
In the case of earthquake disasters with heavily damaged, but not completely destroyed buildings,
time pressure and financial constraints often favour the rapid construction of new buildings in
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nearby places. Failure to recover damaged areas may destroy urban life and cultural heritage, as
observed in the historic centre of L’Aquila (Italy) – the earthquake of April 6, 2009 left many
buildings unusable without major refurbishment and converted the historical centre into a ghost
town (Fig. 7.5a). Whilst there is at least the intention to restore the historic centre of L’Aquila, the
site of the town of Beichuan (China), severely affected by the Wenchuan Earthquake of May 12,
2008 and a number of co-and post-seismic mass movements, was abandoned and the town was
rebuilt in another place tens of kilometres away. The earthquake relics are accessible to the public
as a memorial park (see Figs. 7.3a and 7.5b).
However, the resettlement of entire communities is a critical issue. This strategy of risk prevention has been increasingly discussed since the 1990s, particularly with regard to flooding in order
to convert floods from risks to natural phenomena (Kuhlicke, 2008). The same author mentioned
the example of the community of Valmeyer, resettled after the 1993 Mississippi Floods as a largely
successful example of a resettlement project, emphasizing that even here, the community perceives the new layout as constructed and regrets the time before the resettlement. Given the fact
that, in the specific example of Valmeyer, the social environment for the resettlement was particularly favourable, this strategy as a chance for risk reduction is certainly questionable
(Kuhlicke, 2008). The secondary hazard of destroying the social systems may be more significant
than the chance for a new start.
In non-democratic societies, disasters may be used as pretences to resettle people for political or
economic reasons. Loy (2006) reported about forced migration from the mountains to the lowlands during Soviet times in Tajikistan, at least partly justified by landslide hazards. The background of this policy was that labour force was needed for cotton production in the lowlands. The
result was dis-rooting of the people and communities, increased levels of sickness and rising mortality rates.

7.4 Risk perception and acceptance
As we only perceive a small portion of our environment, also our perception of possible chances
and risks is highly incomplete and selective. Risk perception is largely determined by the communication in the relevant social systems (Slovic, 1987, 2000; see Table 4.3 in Chapter 4). In modern
and post-modern societies, the perception of risks and disasters is influenced by the media and
therefore by the economically or politically driven rationales of the media corporations. Görke
(2008) emphasizes that responsible reporting could contribute to reducing losses. Wachinger et al.
(2012), in contrast, found out that risk perception mainly depends on personal experiences and the
trust in authorities, with a secondary role of the media. However, the perception of risk would not
necessarily result in protective measures. Participative political action would be an essential component of risk mitigation. These findings are in line with those of Carey (2005) who identified a
lack of trust in the authorities as the bottleneck of risk management (see Chapter 2).
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Many people have hardly experienced significant natural hazards in their life and are therefore
lacking appropriate risk perception. When the sea retreated on 26 December 2004 in the holiday
resorts along the Indian Ocean, locals as well as tourists found this funny and came there to take
photos and to play with the fish in the remaining ponds, exposing themselves to the peak of the
tsunami. Indigenous communities, in contrast, are often particularly well adapted to risks from
natural processes (Shaw et al., 2008). Reports say that members of isolated indigenous tribes on the
Andaman and Nicobar Islands flew from the coastal areas on time. People having migrated to
these groups of islands during the past few centuries were badly affected. Lore in combination
with the ability to appropriately interpret the signs of nature have also helped the indigenous
coastal tribes of the Moken in Thailand (Arunotai, 2008) and Melanesians of the Solomon Islands
(McAdoo et al., 2008) to survive tsunamis.
In general, post-modern societies are characterized by an ambivalent relationship to risk. On the
one hand, the risk acceptance is very low with regard to everyday life, and any type of responsibility is pushed away, preferably towards official authorities. On the other hand, the risk acceptance
is high with regard to certain leisure activities (skiing, climbing etc.) – i.e., risk acceptance is much
higher if there is a chance connected to the risk (Felgentreff and Dombrowsky, 2008). The acceptance of imposed risks is much lower than the acceptance of voluntarily chosen risks.

7.5 Concluding remarks
Hazards and risks can be considered from at least two perspectives (see Chapter 2):
•

From a natural-scientific view, defining frequencies, probabilities and magnitudes in a
quantitative way. These approaches are particularly useful for engineering purposes and
for the insurance business.

•

From a social-scientific view, defining risks and chances as the results of the interactions
in social systems. The perception and acceptance of risks and chances is subjective and
largely governed by personal experience and – particularly in (post-)modern societies – by
the media.

Risks are chances that something negative occurs, and chances are risks that something positive
occurs. The two terms are therefore highly complementary. Natural phenomena perceived as a
hazard in one community or society may be considered as a chance in another one. Even natural
disasters – seen as a consequence of a failing social system rather than as a consequence of natural
processes) may result in chances for the future. Risk management – often initiated as a consequence of past events – has to include the prevention of future disasters i.e., the adaptation of a
society to its natural environment and the changes thereof, equally reducing the risk and exploring the chances. In practice, however, the social systems sometimes fail to appropriately adopt the
experiences gained from damaging events.
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A major challenge consists in anticipating hazards, risks and disasters i.e., in entering the risk
management cycle (see Fig. 7.2) at the prevention stage instead of the damaging event. The publications of the present treatise contribute (i) to the identification of possible hazards, risks and
chances, following natural-scientific approaches (Pubs. 4, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, 17 and 18)
and (ii) to the analysis of how social systems can adapt to socio-economic and climatic changes
which can be perceived both as chances and as risks, following a social-scientific approach
(Pub. 11). Most of these publications focus on mountain systems and/or on developing countries,
systems identified as particularly susceptible to the effects of climate change and the associated
environmental changes.
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8 Synthesis

Fig. 8.1 illustrates the relationships between the major concepts and systems considered in the
present treatise. Communication between different actors of the society is identified as the key
issue for a successful adaptation to rapid and moderate environmental changes i.e., for converting
risks into chances (see Chapter 7). The communication between the subsystems of the social system (see Fig. 8.1) is thereby as important as the communication within the subsystems.
Whilst the framework paper attempts to consider the entire system illustrated in Fig. 8.1, with the
purpose to put the content of the publications (see Table 1.3 in Chapter 1 and Appendix A) in a
general context, the publications themselves take more specific viewpoints, focusing on models
and observations. It is certainly out of scope of the present treatise to come up with the ultimate
solution for how to communicate research results, how to bring theory and practice together or
how to integrate natural and social sciences. Instead, the treatise contributes to scientific progress
in the specific fields introduced in Chapter 1.1, exploring the key questions defined in Chapter 1.2
(see Table 1.1). In this sense, I will now conclude with the key messages collected from the publications and from the Chapters 2–7.

8.1 High-mountain geomorphology and environmental change
(i)

How do climatic changes reflect themselves in changes of the high-mountain environment and associated hazards?

Studies on environmental changes in high-mountain areas within the present treatise concentrate
to the Pamir of Tajikistan (Central Asia). Pub. 9 confirms that the global tendency of glacial retreat also applies to that region of the world, even though it is hard to directly associate the environmental changes to climatic trends due to lacking meteorological data. The Pamir is further rich
in high-mountain lakes. Many of them have developed or enlarged within the last few decades in
the front of retreating glaciers (Pubs. 6 and 10). In 2002, sudden drainage of a glacial lake has
caused major destruction and fatalities (Pubs. 5 and 9). The Pubs. 5, 6 and 14 attempt to identify
hazardous lakes and impact areas of possible future lake outburst floods in order to build a basis for
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risk reduction. In contrast to glaciers and lakes, which can be monitored with remotely sensed
data, few details are known about the up-to-date permafrost situation in the Pamir, except for the
fact that permafrost is a prominent feature there. The application of a simple rules-of-thumb model indicates that permafrost is likely to retreat over steep mountain slopes in the coming decades,
possibly affecting the hazard of mass movement processes (Pubs. 9 and 14).

(ii)

How are environmental changes perceived in different mountain areas?

Rapid or continuous environmental changes in mountain areas are perceived indirectly by the
population, either by disasters (Pubs. 5, 9 and 14), by the possibility to grow certain crops at higher elevation, or by the changes in the water supply from the mountains, essential in arid Central
Asia and reason for political discussion at an international level. Surprisingly, the environmental
changes and related challenges perceived by the population in the Pamir (Kassam, 2009) are almost identical to those perceived by the population in the climatically, ecologically and culturally
contrasting mountains of Colombia (Pub. 11). This experience underlines the importance to elucidate issues not only from a natural scientific, but also from a social scientific perspective.

Fig. 8.1. Relationships between the key concepts and systems considered in the treatise. Applied science, though part of the society, is considered separately.

8.2 Physically-based modelling of mass movement processes
(i)

How far can GIS-supported physically-based models be pushed in terms of the complexity of the involved systems?

Slopes are often fairly complex systems described by multiple uncertain parameters. These uncertainties do not so much concern surface parameters represented by DEMs, satellite imagery or
derived products. Such products are readily available at various spatial scales, even though they
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are connected to certain limitations (see Chapter 6.1). The uncertainties concern much more the
subsurface data, in the case of slope stability models mainly the 3D variations of the geotechnical
and geohydraulic parameters.
Physically-based modelling of these systems therefore requires (i) modelling approaches capable of
dealing with the complexity and (ii) strategies to deal with parameter uncertainties. In this sense,
the Pubs. 13, 15, 17 and 18 represent a contribution to catchment-scale slope stability modelling:
they overcome the prevailing dependency of GIS-based slope stability models on the infinite slope
stability model (Pubs. 8 and 15) and explore strategies to appropriately deal with uncertain geotechnical and geometric information. The experiences gained lead to the following suggestions:
•

to express model results as probabilities, where possible, rather than as definite values such
as safety factors. However, such a strategy is often not accepted by risk managers as it
makes decision-making problematic (see Chapter 4.2). The analysis of scenarios would be
another strategy to deal with uncertain data;

•

to make codes of model applications available to the public (open source; Pubs. 7, 8, 13, 15,
17 and 18; see Appendix B3) or at least to the users of the application. This ensures that
the procedures are reproducible and possible limitations of the model design may be recognized;

•

when using existing modelling tools, to compare at least two of them, as models are always
developed for a specific purpose that might not always exactly suit to the process under
investigation (Pubs. 5 and 12; see Chapter 4.1).

Comparing the evaluation results for the physically-based slope stability analyses of Pubs. 17
and 18 to the results of statistical analyses for the same 79 km² study area (Rossi et al., 2010) indicates a similar level of performance of the two types of models. This means that the understanding
of the spatial variation of the governing parameters does not allow physically-based models to
clearly outperform statistical models despite intense efforts of mapping, field and laboratory work.
A particular challenge consists in GIS-based dynamic modelling of mass flows. The leading theoretical models need sophisticated numeric schemes to be applicable with GIS. Pub. 5 shows how to
partly face this challenge. An application for arbitrary topography, including entrainment and
two-phase flow as well as routines for testing parameter sensitivity, is subject of ongoing research.

(ii)

How far can they be pushed in terms of study area size?

Today, strategies exist or may be developed to face most challenges with regard to computing capacity. An ordinary multi-core computer allows the application of a computationally intensive
slope stability model for an area of approx. 90 km² within a couple of hours (Pubs. 17 and 18; see
Chapter 5.3). A further increase of the study area size would require exploring clouds or other
types of advanced computing systems. However, given the limitations concerning data, I conclude
that computing issues are most often not limiting. Instead, the study area size is constrained by
increasing system complexity (resulting in the impossibility of an appropriate parameterization) as
discussed earlier in this chapter.
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8.3 Broad-scale mapping of mountain phenomena
(i)

At which scales and under which circumstances are statistical and rule-based computer models suitable to make valid predictions?

Surficial features such as glaciers, lakes or vegetation may be directly mapped from satellite imagery (Pubs. 9 and 10), or investigated in the field (Pub. 3). In contrast, models have to be employed
to map subsurface features such as the distribution of soil characteristics (Pub. 1) or permafrost
(Pub. 9), but also abstract issues such as mean annual or seasonal precipitation (Pub. 16), landslide
susceptibility or possible impact areas of mass movement processes (Pubs. 8 and 14; see Chapter 8.2).
Box (1976) emphasizes that simple, evocative models should be given priority over models needing
parameters connected to excessive uncertainties. As outlined in Chapter 8.2, the physically-based
model r.slope.stability performs comparably to statistical models when estimating the landslide
susceptibility for a 79 km² study area. This finding, in this specific case, indicates a low costefficiency of physically-based modelling which often relies on costly geotechnical laboratory
analyses. Whilst it will be a worthwhile future effort to see how far the r.slope.stability model
(Pubs. 13, 15, 17 and 18) can be pushed in terms of study area size, statistical (Pubs. 1 and 16) or
rule-based models (Pubs. 6, 8, 9 and 14) have to be used as soon as the parameters needed for
physically-based models cannot be parameterized in an appropriate and efficient way due to (i)
the complexity of the system per se or (ii) study area size. Such models may also be useful under
pressure of time (Pub. 12).
Models of ecosystems (Pub. 1), or even social systems, pose a particular challenge: comparing
Pub. 1 with Pub. 16 indicates that the quality of a prediction made by a statistical model may
strongly depend on the issue under investigation. Whilst Pub. 16 demonstrates that the spatial
patterns of mountain precipitation are reasonably well reproduced by a local interpolation algorithm considering vertical gradients (the correlation between model and observation yields
R² ≈ 0.8), Pub. 1 illustrates that the spatial distribution of soil characteristics is hardly predictable
by the environmental factors used (R² < 0.3, with one exception). It seems that, in this case, the
system is too complex to be reproduced by this type of model.
In contrast, the study are size per se is not limiting for the application of statistical or rule-based
models as long as there are sufficient reference data available. The possibility to make valid predictions ends where reference data are lacking. Pub. 9 attempts to predict the permafrost distribution
in Tajikistan based on a rule set developed for Switzerland. Pub. 14 tries to produce hazard and
risk indication maps for selected high-mountain processes in the Pamir, with limited possibilities
for validation due to the low frequency of those processes. Whilst the findings of the Pubs. 9
and 14 may still be useful at a very general and careful level of interpretation, they do not represent valid predictions in a strict sense.
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Abstract
SOILSIM is a GIS-based modelling framework for the spatial interpolation of soil characteristics
from individual points to a raster map. It was designed for providing a reliable approximation of
the hydrological characteristics of the soils in small alpine catchments with a minimum of input
required, and fully dependent on open source products (GRASS and R). A table representing the
soil characteristics and a set of habitat maps are required as input. The program operates in two
major steps. (1) A linear multiple regression is fitted for each soil variable (the predictors are chosen using ANOVA). The regression equations are then applied to raster maps of the predictor variables. (2) Hydrologically relevant soil characteristics (e.g. field capacity, saturated hydraulic conductivity) are calculated as response to the modelled soil variables.
SOILSIM was applied to the Stampfanger catchment (near Kitzbühel, Tyrol, Austria; 23.1 km²).
The results of the study indicated that the method is quick and easy, but that it has to be applied
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with much caution and with qualitatively and quantitatively sufficient input data in order to provide reliable predictions for the variables under investigation.

1 Introduction
The characteristics of the soil of a certain habitat are determined by a complex interaction of influences like climate, substrate, relief, vegetation, soil fauna, humans, and the timespan since the
beginning of soil development. The dominant conditioning variables (predictors) for the soil characteristics are not always obvious (Tasser et al. 1998). The situation becomes even more complex
due to the strong interrelation between soil and vegetation. Furthermore, the soil characteristics
in mountain habitats vary on different spatial scales, from the sub-meter scale (for example on
rock fall deposits) to the scale of kilometres as response to vertical temperature or precipitation
gradients (compare Hiller et al. 2002; Hitz et al. 2002).
Soil characteristics themselves are usually measured or estimated at individual points, using samples obtained at soil profiles and boreholes. This information is sufficient for some, but nor for all
purposes. Modelling approaches for hydrological assessments of catchments, for example, require
the knowledge of the soil characteristics over the entire study area which are difficult to measure.
A dense network of sampling sites, in combination with sophisticated equipment, is therefore necessary for such studies. In practice, both resources time and money are limited. The scale of existing soil maps is usually too small to be used for modelling of hydrological processes (De Gruijter et
al. 1997). This is particularly true for mountain regions.
An alternative way is to create a smaller set of sampling sites, including all major types of habitats
and covering a wide range of combinations of habitat conditions that are supposed to be important
for the soil characteristics. Such a dataset can be interpolated to the whole study area, using GIS in
combination with an appropriate statistical method. A major requirement for following this approach is the full knowledge of the spatial distribution of the habitat conditions (climate, topography, substrate, landcover).
Various models were applied for this purpose. McBratney et al. (2003) provided a detailed overview of methods used in the past, discussing generalized linear models, regression and classification trees, neural networks, fuzzy systems, and geostatistics.
Many of these methods are only applicable to easy measurable soil characteristics like soil depth,
soil skeleton, etc. The indirect derivation of hydrological soil characteristics has therefore been the
subject of several studies (e.g. Vereecken 1995, UFZ-Umweltforschungszentrum Leipzig-Halle
2001, Lehmann et al. 2005), resulting in a certain number of approaches.
Within the framework of this study Fecht et al. (2005) used geostatistics (cluster analysis) in order
to delineate subareas with similar combinations of conditioning factors for the Ruggbach study
area (Vorarlberg, Austria). However, it appeared to be problematic to fill these classes with content (soil variables). Hence it was aimed at developing a simple, data-extensive method (soil spatial
distribution model: SOILSIM) for (1) directly modelling soil variables from predictor variables;
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and (2) deriving hydrologically relevant soil characteristics from simple, easily measurable variables. The model was tested for the Stampfanger catchment (Figure 1).

Figure 1: The Stampfanger catchment.

2 Study area
The Stampfanger catchment is located in the municipality of Söll (NW of Kitzbühel, Tyrol, Austria). It comprises an area of 23.1 km². The terrain is mountainous, but in general it is not very
steep and rocky (except a small part in the N). It extends from about 640 m up to 1,827 m a.s.l.
(Hohe Salve). The majority of the catchment is part of the Greywacke Zone, with a mixture of
different rock types, including some volcanics. The NW edge is part of the Northern Limestone
Alps. The majority of the area, however, is covered with till of different thickness, and with alluvium. The dominant landcover types are mixed forest on the lower slopes, spruce forest on the
middle slopes and pastures and meadows in the upper part of the catchment. The lowest part carries meadows and human settlements. The catchment has been chosen for this study due to the
availability of vegetational, geological, climatic and hydrological data (Moran et al. 2005).

3 Methods
SOILSIM is based on a combination of the GRASS GIS (http://grass.itc.it) and the R statistical
software (http://www.r-project.org), both distributed under the open source license. The model
was realized as a shell script with integrated python, R and GRASS functions. It requires soil data
for various points and a number of habitat raster maps as input. The model involves the following
steps (compare McBratney et al. 2003): (1) preprocessing of habitat variables, (2) choosing a set of
predictors from the habitat variables, (3) fitting regression models for explaining the soil variables,
(4) applying these relationships to the habitat maps, (5) relating the soil variables to hydrological
characteristics and applying the relationship to raster maps.
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Figure 2: Illustration of the work flow of SOILSIM. Spatial datasets (raster maps) are shaded, input
is underlined, mathematical operations are written in italic letters.

3.1 Soil sampling
Soil data was obtained at 52 study sites in the Stampfanger catchment. The sites were chosen subjectively in order to cover a wide range of different habitats. A soil auger and soil profiles were
used to investigate the variables listed in Table 1.
Table 1: Soil variables under investigation
soil variable [unit]

method

depth of the A horizon
[cm]

measured at profile

coordinates [m UTM]
total soil depth [mm]
pH [-]

color [-]

organic content [vol-%]
texture [µm]
bulk density [kg dm-3]
soil skeleton [vol-%]

GPS device

measured with soil auger (“Pürckhauer”), values above 100 cm
were recorded as 100 cm
measured at profile using field kit; only for A horizon

estimated using Munsell Soil Color Charts; only for A horizon

calculated from pH, colour and texture (Renger et al. 1987;
Schlichting et al. 1995) only for A horizon, set to 0 for the other
horizons

estimated from the profiles and the soil auger using finger test and
converted into average grain size using tabular data (Schlichting et
al. 1995)
estimated at profile (Schlichting et al. 1995) separately for A horizon and remaining horizons
estimated at profile separately for A horizon and remaining horizons

3.2 Preparing habitat maps
Raster maps representing the potential predictor variables for the spatial distribution of the soil
variables were generated using a DEM (20 m resolution), a geological map, a landcover map and
meteorological data.
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•

the cumulative air temperature of the growing season (TCUM) was calculated using the DEM
and temperature data from a meteorological station in the vicinity, and a vertical temperature
gradient. It was corrected for aspect using solar irradiation (r.sun) and an empirical relationship (Welpmann 2003).

•

the substrate type (STYPE) was derived from a geological map and coded with 1 = silicate, 2 =
intermediate and 3 = carbonate. It was considered numeric.

•

the substrate physical properties (SPHYS) were also derived from the geological map and coded with 1 = bedrock, 2 = block material, 3 = finer material (alluvium, moraine). It was considered as numeric, too.

•

slope (SLOPE) in degrees was derived from a DEM (r.slope.aspect).

•

the topographic index (TIND) was derived from a DEM, too (r.topidx).

•

the C/N ratio of the litter (CNRAT) was integrated assigning average values derived from the
literature (Scheffer & Schachtschabel 2002) to the landcover units.

•

anthropogenic disturbance (DIST) was roughly estimated from the landcover map: 1 = forest
(little disturbance), 2 = meadows and pastures (intermediate disturbance), 3 = skiing slopes and
cultivated places (heavy disturbance). The variable was considered as numeric.

TCUM, SLOPE, CNRAT, TIND and DIST are generated automatically within the SOILSIM
framework. The values of all predictor variables at the study sites are extracted from the map
(r.what function of GRASS) and joined to the soil variables table.

3.3 Analysis of variance (ANOVA)
The purpose of the analysis of variance in general is to investigate whether the variance of a continuous variable can be explained by one or more categorical independent variables (predictors).
The method is based on the F-test. Each soil variable (Table 1) was tested against each predictor
(as categorial variable) in order to determine the variables to be used in the subsequent regression
analysis. For each soil variable the three most significant predictors were used for multiple regression as the size of the dataset did not allow for larger numbers. The critical level of significance
was set to 0.10 (instead of using the standard value of 0.05), and predictors with higher values
were excluded. ANOVA was performed using the R statistical software. The analysis itself is included in the SOILSIM framework. The choice of significant predictor variables and the formulation of the regression models have to be performed manually.

3.4 Regression analysis and map generation
Linear multiple regression is a method of multivariate statistics that is widely used in various fields
of science and technology. The method was applied in order to establish mathematical relationships between the soil variables (Table 1) and a set of predictor variables, the latter selected in
accordance with the results of the ANOVA. The relationships, combined with the predictor maps,
were then used for the generation of raster maps representing the spatial distribution of the soil
variables. This process is fully included in the SOILSIM framework. For the regression itself, the
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data is automatically handed over to the R statistical software and subsequently returned to
GRASS.

3.5 Hydrological assessment
The hydrologically relevant characteristics of a soil - or a soil horizon - are determined by a complex interplay of texture, bulk density, organic content, and soil skeleton. Lehmann et al. (2005)
provided a table relating field capacity FC [mm] and saturated hydraulic conductivity kf [cm day-1]
to texture, bulk density and organic content. In order to allow the implementation of these relationships into SOILSIM a conversion into a continuous mathematical relationship was required.
This was done using linear multiple regression models.
FC = 0.01390 ⋅ t s + 23,72 ⋅ ρ s − 2,250 ⋅ k C − 50,29

Equation (1),

k f = 7.4849 ⋅ e 0.003880⋅ts −3.275⋅ρ s + 4.466

Equation (2).

and

ts represents the texture as average grain size [µm], rs the bulk density [kg m-3], and kc the organic
content [vol.-%]. The R² value for FC did not exceed 0.33, but due to lacking alternatives the approach was applied. For kf, R² was 0.77. The total water storing capacity of the soil was calculated
from field capacity and soil depth (soil skeleton was subtracted), separated for the A horizon and
the remaining soil column.
The permanent wilting point PWP [mm] depends primarily on the texture. Frey & Lösch (1998)
provided values for clayey, silty and sandy soils in form of a diagram. By converting the texture
into an average grain size a simple linear regression could be applied to express PWP (R² = 0.99):
PWP = −17.72 ⋅ t s + 21.61

Equation (3).

The pore volume Vp [%] depends primarily on the bulk density of the soil, and only to a lesser
extent on the texture. Schlichting et al. (1995) provide tabular data relating bulk density and pore
volume, that was used to fit a simple linear regression (R² = 1.00):
V P = −28.90 ⋅ ρ s + 86.55

Equation (4).

PWP and Vp were lumped for the entire soil column, without distinguishing different horizons.
The whole process is fully integrated into the SOILSIM framework, using the r.mapcalc function
of GRASS as the major tool.

4 Results
4.1 ANOVA
The results of the ANOVA are summarized in Table 2. The soil variables appear to be well explained by the chosen predictors as the variance of each soil variable is successfully explained by at
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least one, but in most cases two to four predictors. Cumulative temperature, slope angle and substrate are the most powerful predictors for the distribution of soil characteristics.

4.2 Regression analysis
Table 3 represents the results of the regression analysis. The results for all soil variables, except the
soil skeleton of the A-horizon, are significant at the 0.10 level, but total soil depth and texture are
not significant at the 0.05 level of p. The results for all of the soil variables have in common that
they scatter considerably around the regression line, resulting in low values for R².
Table 2: p-values of the ANOVA of the soil (vertical) and predictor variables (horizontal). Relationships that were used for the regression analysis are written in bold.
TCUM

SLOPE

org. content

0,001

density A

density B,C

skeleton B,C

total depth
depth A
texture

skeleton A

0,063

TIND

CNRAT

STYPE

SPHYS

0,007

0,341

0,006

0,000

0,387

0,677
0,879

0,006

0,373

0,454

0,187

0,022

0,376
0,844

0,098

0,204

0,027

0,037

0,495

0,935

0,177

0,078

0,001

0,014

0,001

0,006

0,477
0,793

0,504

0,085

0,006

0,967
0,958

0,710

0,013

0,249

0,395

0,163
0,464
0,354
0,599

0,023

0,023

0,599

0,257

0,581

0,127

0,007
0,023

DIST

0,268
0,661
0,400
0,646
0,482

Table 3: Predictors used in the regression analysis for the soil variables, values for multiple R² and
levels of significance p.

total depth
depth A

org. content
texture

predictor 1

predictor 2

predictor 3

SPHYS

TCUM

STYPE

STYPE
TCUM

SLOPE

density A

CNRAT

skeleton B,C

SLOPE

density B,C
skeleton A

SLOPE
STYPE

SPHYS
---

TIND

0,133

0,075

---

0,114

0,052

---

SLOPE

SPHYS

STYPE

---

p

TCUM

DIST

TIND

R²

TCUM
---

0,090
0,421
0,270
0,280
0,013
0,199

0,031
0,000
0,002
0,001
0,417
0,013

As the results provided by the model include a large number of maps, it is only possible to discuss
some of them.
The maps representing total soil depth and density of the A horizon are shown in Figure 3. Both of
them correspond to the expected patterns. The measured variables were compared with the modelled variables at the coordinates of the study sites. The prediction was satisfactory for the majori-
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ty of the study sites, but for some sites measurements and model results diverged considerably due
to a number of restrictions of the model used (compare discussion).
Figure 4 shows the map of the total water storing capacity of the soil, and the saturated hydraulic
conductivity. The meadows and heavily influenced places in the valley showed comparatively low
storing capacities and hydraulic conductivities, compared with forest, meadows and pastures at
higher elevations. A surprising result was the fact that the highest capacities were related to block
deposits. This pattern may be related to the less dense soils at these sites, but it is also related to
the insufficient representation of skeleton content and depth of the A horizon by the model (compare R² and p in Table 3).

Figure 3: Predicted total soil depth (left) and density of the A horizon (right) in the study area.

Figure 4: Modelled maps representing the water storing capacity of the soil and the saturated soil
hydraulic conductivity in the study area.

5 Discussion
The application of multiple linear regression for predictive soil modelling in the Stampfanger
catchment, as demonstrated using SOILSIM, illustrates the potential of this technique to be integrated into GIS environments in general and into a combination of the open source products
GRASS and R in particular. It illustrates, however, also the problems connected to this technique.

Appendix A1 – GIS modelling of soil characteristics 131

Although most of the relationships established in this study may be considered as significant, they
show a large amount of scatter, leading to rather unsatisfactory representations of the real conditions. This phenomenon may be related to various reasons:
•

Many relationships in nature are not linear, but follow an exponential, polynomial or other
nonlinear function. A dataset of 53 samples is small for an alpine catchment (Hitz et al. 2002)
and not sufficient to allow the use of nonlinear multiple regression.

•

Not all of the soil variables follow a symmetric distribution. Skewness of the variables involved may distort the regression results considerably.

•

The transformation of tabular data into regression equations (as attempted for the field capacity) is problematic.

•

The data obtained at the study site may be insufficient: total soil depth was only recorded until
100 cm (limited by the length of the Pürckhauer auger). Some other variables were estimated
and are therefore susceptible to subjectivity, or they were measured using heuristic field
methods in order to save time and money.

•

The spatial scale at which soil characteristics undergo changes may be much larger (metres)
than the spatial resolution used in the study (tens of metres).

•

The most important reason, however, is probably the insufficient knowledge of the predictor
variables. While topographic and to some extent also climatological variables were available in
sufficient detail, this was not the case for the substrate and particularly for the intensity of anthropogenic (and anthropo-zoogenic) influence. In addition, the consideration of ordinal values as numeric could bias the results as well as the conversion of the texture classes into average grain sizes.

It can be concluded that multiple linear regression shows a certain potential for predictive spatial
modelling of soil variables. However, it has to be applied with caution. It is easy to produce nicely
looking, colourful maps that even look realistic with this method, but generating reliable, scientifically valuable maps is a different task that requires large datasets of soil variables and carefully
prepared predictor maps. Uncertainties, however, will always remain in environmental models
(Odeh & McBratney 2001) as phenomena in nature are not fully predictable.
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Abstract
The paper evaluates the applicability of terrestrial digital photographs for stereo matching in order
to generate high-resolution DEMs in areas with extremely pronounced relief. Images of the study
slopes, located along a transect between Mendoza (Argentina) and Valparaíso (Chile), were recorded from the opposite side of the valley using a digital SLR camera. Stereo matching was performed using standard remote sensing software. The reference plane had to be tilted in order to
enable a proper rectification. The resulting raster maps were adjusted in order to enhance the consistency with the reference datasets. The method, though connected to some limitations concerning the accuracy of the results, proved successful and may be a valuable tool for small-scale studies
in areas with limited data availability, particularly in developing countries.
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1 Background
High-resolution digital elevation models (DEMs) constitute an essential tool for a large variety of
applications. Therefore an array of methods for generating such datasets has been developed in the
previous years and decades (compare Tab. 1). Some of the most common approaches are:
1. Airborne laser scanning (Ackermann 1999; Pfeifer 2006) comes up with spatial resolutions
well below 1 m. In highly developed countries airborne laser scanning data are available
for an increasing portion of the land surface. Terrestrial laser scanning is used more and
more for obtaining high resolution DEMs of small areas.
2. A common way for generating high resolution DEMs of large areas is stereo matching of
high resolution satellite imagery like IKONOS (Zhang et al. 2002).
3. For small-scale studies, matching of stereo aerial photos has widely been applied, replacing
the traditional stereoscopic viewing (Gruen & Baltsavias 1986; Fig. 1). The method, being
the same as for satellite imagery, is supported by standard remote sensing software. It
makes use of the parallax between two images recorded from different positions as well as
of the texture of the images in order to compute the position of each pixel in a reference
coordinate system, based on camera geometry, control points, and the exterior orientation
of the camera (optional). Würländer et al. (2004) provide a comparison of this method
with laser scanning techniques.
Tab. 1: Some common methods for the generation of high-resolution DEMs.
Method

Advantages

Terrestrial laser scanning

high accuracy, identification of specialized equipment and
vertical structures
personnel

Airborne laser scanning

Stereo matching of highresolution satellite imagery

Stereo matching of aerial imagery

Disadvantages

high accuracy, identification of expensive; cost-efficiently
vertical structures
only for large areas
cover of large areas

low cost for data, good data
availability for many areas

high cost for data

labour-extensive for large
areas, limited by the image
quality, moderate accuracy

Use of the methods (1) and (2) usually implies considerable costs for data acquisition, largely constraining its application to projects with high budget. In addition, processing of data derived from
laser scanning is still connected to specialized data processing tools that are now starting to be
included into the standard GIS software tools like ArcGIS, GRASS (Rutzinger et al. 2006), or PCI
Geomatica.
For small-scale projects, stereo-matching of aerial images works fine in many areas, but nevertheless bears some limitations as well. Particularly in peripheral regions of developing countries imagery is not always available. Images may be of poor quality, and not all land surface types are
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suitable for image matching. Particularly patches with poor texture and/or particularly high or
low albedo, like snow or ice, may cause serious problems, leading to large holes in the DEM.

Ai2 image planes

Ai1

(out of scale)

Ag

pixel values of the resulting DEM

reference
plane

Fig. 1: Stereo matching of aerial images. Graphics modified from the PCI Geomatica Help. Ai1 and
Ai2 represent the image coordinates of the clock tower’s top, Ag its ground coordinates.
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Fig. 2: Location of the study areas. Shaded relief map calculated from SRTM data.
In contrast to aerial imagery, hardly any attempts to use terrestrial imagery for the extraction of
high-resolution DEMs have become public up to now. This appears somewhat astonishing as
1. the mathematical background and the methodology are almost the same as for aerial imagery,
2. in areas with pronounced relief it may be easy to access spots with a good overview of the
area of interest, particularly in the case of small-scale studies,
3. the spatial resolution and the image quality may be much better than in the case of aerial
imagery, and finally
4. in other fields, similar methods have been successfully applied for representing the geometry of buildings, or even of human faces (Gruen & Baltsavias 1989).
The purpose of the present study is to attack this gap by evaluating the possibilities as well as the
limitations connected to the generation of high-resolution DEMs by stereo-matching of terrestrial
photographs.
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The experiment is part of a project dealing with the prediction of debris flows based on a deterministic model, therefore requiring a DEM at an appropriate resolution (≤5 m). The study includes
six slopes along a transect across the Andes between Mendoza (Argentina) and Valparaíso (Chile),
following an important road corridor connecting the two countries (Fig. 2).

2 Data
The stereo images were recorded using a standard digital SLR camera (Konica Minolta Dynax 5D)
with a chip size of 23.5 x 15.7 mm. A focal length of 18 mm was chosen for all images, the distortion parameters of the lens were not known. The recording points were chosen in a way that the
distances between the stereo images would be sufficient for ensuring a reasonable stereo effect,
but not too much in order to prevent troubles with automatic pixel matching. The positions were
approximated using a standard field GPS device with an accuracy of ≤10 m. The distance to the
target slopes was of a magnitude of some 100s of meters. Figure 3 illustrates one of the stereo pairs
used.

Fig. 3: Example of a stereo pair of terrestrial images recorded from the slope opposite to the study
area Guido 3. Source: Mergili, 10/2006.
Orthophotos and a 30 m resolution DEM were used as ground references. The orthophotos were
generated from aerial imagery provided by the provincial government of Mendoza (scale
1:20,000), and by the aero-photogrammetric service of Chile (1:60,000), respectively. The 30 m
DEM was purchased as final product derived from ASTER satellite imagery. Additionally, GPS
control points were recorded in the study areas. Due to their unbalanced patterns (caused by the
inaccessibility of parts of the slopes) and their relatively low vertical accuracy it was decided not
to use them as GCPs.

3 Methods
The workflow of the study, represented in Fig. 4, may be divided into the following steps:
1. Collecting GCPs from orthophotos and from the ASTER DEM.
2. Definition of an appropriate reference plane. In contrast to stereo matching based on aerial
imagery it was not possible just to use a simple projected coordinate system like UTM, for
the reason that the rectification algorithm applied in the OrthoEngine of PCI Geomatica,
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which was used for the DEM extraction, is not suitable for dealing with extreme variations
of the z coordinate (elevation) compared to the image size, like appearing in the terrestrial
photographs. Therefore a slope-parallel reference plane had to be introduced. It was defined by a rotation α and an inclination β, related to the UTM system (Fig. 5). α and β
were determined individually for each study area by minimizing the root mean square
(RMS) values of the z-coordinates of the respective GCPs.
orthophoto

ASTER DEM

terrestrial imagery

resulting
DEM
GCP collection

combination with
ASTER DEM
vertical
adjustment

horizontal
adjustment

reprojection
rules
reprojection

DEM extraction
cleaning
DEM

reprojection

Fig. 4: Workflow of the study.
3. Recalculating the GCPs to the new reference plane. The transformation was given by

x ' = x cos α − y sin α

Eq. (1),

y ' = ( y cos α + x sin α ) cos β + ∆z sin β

Eq. (2), and

z ' = ∆z cos β

Eq. (3),

where x, y, and z are the coordinates in the UTM reference plane, but with P0 as origin
(compare Fig. 5), x’, y’, and z’ are the coordinates in the new reference system, α is the rotation angle, and β stands for the inclination angle (compare Fig. 5). Δz is the elevation difference between the new reference plane and the elevation of P0 in the UTM system, given by

∆z = ( y cos α + x sin α ) tan β

Eq. (4).

4. Image matching based on textural features and the parallax between the images, as mentioned above and illustrated in Fig. 1. This step is a standard functionality of PCI Geomatica and will therefore not be discussed in detail in this place.
5. Recomputation of the DEM to the UTM reference system. This was done by converting
the result of (4) into a lattice, and applying Eq. (1) to (4) to the coordinates, inverting α
and β. The resulting irregularly spaced cluster of points was recalculated to a raster map,
using a natural neighbours algorithm. Artificial tops and sinks within the DEM were then
removed manually (referred to as “cleaning DEM” in Fig. 4).
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6. Horizontal adjustment. A geometrical correction was necessary in order to synchronize
the new DEM datasets with the underlying orthophoto and the ASTER DEM. Distinct
topographic features clearly recognizable in both the new DEM and the orthophoto were
used as control points.
7. Vertical adjustment. The raster was subtracted from the ASTER DEM in order to determine large-scale distortions in the stereo DEM. A correction raster, as an extremely
smoothed representation of the difference between the datasets, was interpolated and applied for the adjustment of the stereo DEM. Thus the small-scale patterns were conserved
while fitting the large-scale patterns to the ASTER DEM, removing distortions and allowing for a proper combination of the two datasets.
y'

y
z

z'
P0

α

β
x
x'

Fig. 5: Reference plane introduced for rectification and DEM generation.

4 Results
Image correlation worked well for some of the study areas, for some others holes of considerable
sizes – primarily caused by snow patches and cloudy conditions at the time of the recording – led
to a lower quality level. The results will be discussed in more detail for the study areas Guido A
and Guido 3 (compare Fig. 2). The stereo DEMs for these areas showed no holes in the central
areas of the DEMs, and the matching scores were above 80 % over the majority of the surfaces. A
spatial resolution of 2 m was chosen for Guido A, 1 m for Guido 3. A few artificial peaks and sinks
(1 % of the surface of Guido A, 3.5 % of the surface of Guido 3) had to be removed in order to
derive visually clean DEMs for both study areas (Fig. 6).
A horizontal adjustment was required for both stereo DEMs in order to bring them in cover with
the orthophoto and the ASTER DEM. For Guido A, the overlay with the ASTER DEM showed
considerable vertical deviations between the two datasets. More than 25 % of the pixels were
more than 40 m off, only about 35 % less than 20 m (Fig. 7). For Guido 3, the datasets corresponded better, with more than 50 % of the pixels being less than 20 m off.
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Fig. 6: DEM (resolution 2m) derived from stereo images for the study area Guido A, after removing peaks and holes. The international road is well recognizable at the lower edge of the DEM. Its
length represented in the dataset is about 800 m, the elevation difference 700 m.
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Fig. 7: Deviation between the stereo DEM and the ASTER DEM for the study areas Guido A (left)
and Guido 3 (right), before and after the vertical adjustment. The absolute deviation between the
two datasets, plotted along the ordinate, falls below the indicated value at the corresponding percentage of pixels (abscissa).
Vertical adjustment of the stereo DEMs was performed for both areas, decreasing the deviation
from the ASTER DEM (compare Fig. 7). However, maintaining the topographical structures was
given priority to a perfect fit, considering the relatively large inaccuracies to be expected in the
ASTER DEM itself (10s of meters). The offset error was only moderately reduced for the Guido A
DEM, leading to slightly less than 60 % of the pixels being less than 20 m off. In contrast, the adjustment of the Guido 3 DEM led to a considerable reduction of the deviation, with about 75 % of
the pixels less than 10 m off and more than 95 % of the pixels less than 20 m off.
A lot of emphasis was put on the synchronization of the connection lines of the stereo DEM with
the ASTER DEM, in order to allow for a hydrologically, geomorphologically, and visually consistent combination of the two datasets. Fig. 8 illustrates the combined DEMs for the study areas
Guido A and Guido 3, enabling an estimation of the hydrological input to the areas of interest. The
hydrological consistency of the composite DEMs was tested using the standard parameters flow
direction and flow accumulation. It proved successful for both of the study areas.
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Fig. 8: Combined stereo and ASTER DEMs for the study areas Guido A (left side, resolution 5 m)
and Guido 3 (right side, resolution 2 m, width of the stereo DEM about 200 m).

5 Discussion
The method presented above does not lead to high-precision results – it rather provides a more or
less distorted image of the reality. Therefore it is required to know about the uncertainties and
limitations, but also about the potential of DEMs derived from terrestrial stereo images.
The absolute accuracy of the resulting DEM product is limited by the accuracy of the GCPs used
for rectification. The orthophotos from which the GCPs were collected had a sufficient resolution
and accuracy, and its features were clearly identifiable in the terrestrial imagery. However, the
elevation of the GCPs was a major factor of uncertainty as only an ASTER DEM with a resolution
of 30 m was available over the entire surface of the study areas. Unfortunately it was not possible
to use GPS records as GCPs, as (1) they were only available for accessible areas and mixing them
with other GCPs would have introduced inconsistencies, (2) their horizontal and vertical accuracy
was limited, and (3) it was difficult in the field to recognize appropriate GCPs.
The situation would prove even more difficult in areas without orthophotos available. For such
cases, panchromatic LANDSAT images (15 m resolution) or SPOT images would be an alternative.
However, a low horizontal accuracy and potential problems with the identification of proper
GCPs would be the consequence.
The accuracy of the resulting DEM products was not only limited by the accuracy of the GCPs,
but also by the constraints of the rectification algorithm. All standard remote sensing software
products, including the PCI Geomatica OrthoEngine, have been developed for the processing of
satellite and aerial imagery, which both
1. represent the earth surface more or less from straight above, with almost perpendicular xand y- ground coordinates in the images, and an extremely short z-coordinate, and
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2. cover a horizontal surface exceeding the elevation by far over one scene.
Terrestrial digital photographs as used in the present study, in contrast, lack these geometric characteristics. The ground coordinates are arranged in an irregular pattern within the images, and the
elevation variation over the image may be of the same magnitude as its horizontal extent. The
definition of an appropriate, slope-parallel coordinate system can partly overcome this problem
and make this method possible, but still, the z/(x+y) - relationship is comparable to standard aerial
imagery in extremely mountainous terrain, leading to a reduced level of accuracy in the resulting
DEM. Thorough post-processing (horizontal and vertical adjustment) can remove part of the error,
but inaccuracies additional to those caused by the reference data always remain.

6 Conclusions
The experiences from the experiment described in this paper allow for the following conclusions:
1. Stereo-matching of terrestrial digital photographs constitutes a considerable potential for
the generation of high-resolution DEMs and can be an extremely valuable tool, particularly for small-scale studies in areas where no data of higher accuracy is available, for example in peripheral areas of developing countries. However, the method is not universally
applicable. The study area has to be visible from at least two accessible viewpoints for recording the images, and the images have to be recorded under clear weather conditions
(no shadows of clouds).
2. Due to the narrow field of view characterizing terrestrial images compared to aerial images, for many research purposes the DEM has to be combined with other high resolution
DEMs, e.g. derived from aerial imagery, or with medium resolution DEMs like ASTERderived datasets. The combination has to be done with caution in order to ensure the consistency of the dataset.
3. The expectable errors in derived products like slope, curvature, or hydrological characteristics are hard to quantify, but taking the quality of the DEMs for the study areas Guido A
and Guido 3 as reference, it is to be expected that for many research purposes – particularly if the DEM is used for modeling processes like landslides or runoff – the impacts of errors and inaccuracies in other datasets (substrate parameters, vegetation patterns, precipitation input) usually exceed the impact of the inaccuracies in the DEM. In contrast, the
method is hardly applicable if high-precision datasets are required, for instance for the detection of slow movements.
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Abstract
The private Grootbos Nature Reserve is located at the Western edge of the Agulhas Plain in the
Cape Floristic Region of South Africa, an area characterized by high habitat and floristic diversity.
The Reserve is covered in near-natural fynbos shrublands with a few patches of forest and wetland. The main objective of this study was to classify the vegetation into discrete units and relate
them to the prevailing environmental conditions. The vegetation was analysed by numerical
means (TWINSPAN, DCA, CCA) and mapped on GIS. At the vegetation type level, Forest &
Thicket and Fynbos formed distinctive clusters, while the wetland relevés were intermixed, but
without relationships to one of these units. Fire incidence served as the major determinant of the
forest-fynbos boundary. The Forest & Thicket grouping was separated into Thicket (as transitional
to fynbos), Afromontane Forest and Milkwood Scrub Forest. Two broad complexes were distinguished within the Fynbos grouping, the Alkaline Sand Fynbos Complex corresponding to Coastal
Fynbos, and the Acid Sand Fynbos Complex corresponding to Mountain Fynbos. They discriminated along gradients of pH, soil depth and rock cover. The complexes were further subdivided
into formations by using one or a few subjectively chosen dominant species as indicators. The
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transitions between these formations were rather continuous than discrete. The vegetation type
and complex levels correspond well to existing fynbos-wide classifications. Comparing the formations to the results of other vegetation studies is problematic even on the scale of the Agulhas
Plain, due to the high regional plant diversity in the Fynbos Biome.

Afromontane Forest, Agulhas Plain, biodiversity, CCA, fynbos, GIS, Milkwood Scrub Forest, numerical vegetation analysis, TWINSPAN, Western Cape

1 Introduction
An important, and well-established aspect of the species-rich Cape flora is the difficulty in resolving regional vegetation associations into meaningful, easily identifiable floristic groupings (Campbell 1986). Various authors have tried to classify the habitat types and the plant communities of
the Fynbos Biome in the previous decades, some looking at broad descriptions of major vegetation
types (Taylor 1978; Moll et al. 1984; Campbell 1985; Cowling & Heijnis 2001) and others at detailed descriptions of communities (McKenzie et al. 1977; Boucher 1978; Taylor 1983; Richards et al. 1995; Cowling et al. 1996; McDonald et al. 1996; Taylor 1996). The Agulhas Plain, covering an area of 270 000 hectares of semi-arid lowland fynbos and renosterveld, has been prioritized as an area of high irreplaceability and high vulnerability, with exceptionally rich coastal
lowland ecosystems (Cowling et al. 1999). Cowling et al. (1988) applied the mountain vegetation
classification approach of Campbell (1985) to the Agulhas Plain. This classification was produced
using the Braun-Blanquet method of table sorting and was based on structural and higher taxon
characteristics of the vegetation. Nine zonal communities, at various hierarchical levels, were recognized and mapped. This phytosociological approach provided a qualitative description of community environmental characteristics on the Agulhas Plain. The only study on the Agulhas Plain
to provide a quantitative assessment of the importance of environmental factors was Richards et al. (1995) who explored vegetation-environment relationships in a 30 ha study area, the
Soetanysberg, ±15 km west of Cape Agulhas (34°45'S; 19°50'E). However, no comparable studies
have been undertaken on the west side of the Agulhas Plain.
The major objective of this study was to fill this gap through a detailed mapping and numerical
analysis of the vegetation of Grootbos Nature Reserve (GNR), which is located at the western edge
of the Agulhas Plain, between the villages of Stanford and Gansbaai (Figure 1A). The geographic
coordinates are 34°32'30'' S and 19°24'50'' E. The privately owned reserve consists of seven formerly separate farms covering an area of 1 700 ha in total. It is run as an upmarket ecotourism lodge.
The landscape is sloping, with a maximum elevation of ±475 m along the slopes of the Swartkransberg. The underlying rock type of the more elevated hills is quartzitic Table Mountain Sandstone.
On the lower slopes, deposits of sandy aeolian material overlay the bedrock. Outcrops of the
Bredasdorp Limestone are exposed in some places (Figure 1B).
The climate, which can be characterized as maritime mediterranean, shows a strong seasonality in
precipitation. May to August are the wettest months (most precipitation is carried by northwester-
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ly winds), whereas the southeasterly winds prevailing during the summer months are dry. There
has been no long-term precipitation record at GNR. The mean annual rainfall from 1996 – 1998
was 730 mm. The mean maximum daily temperatures fluctuate between 25°C in February and
14°C in July. The GNR is frost-free.
Since 1995 the property has been managed for conservation and ecotourism. Over the last decade
a team of botanists has been actively sampling and collecting plant specimens over the entire reserve. At the latest count, 660 species of indigenous plants have been recorded on the property,
with still more being found each year (Privett & Lutzeyer in press). Fifty-one species are included
in the Red Data-List of threatened species (Hilton-Taylor 1996), and three species (Erica magni-

sylvae, Cliffortia anthospermoides, Lachenalia lutzeyerii) were recently discovered and are considered endemic to the Reserve. The vegetation of GNR, largely fynbos shrubland with some
patches of forest and wetland, is amongst the best surveyed in the Cape Floristic Region and lends
itself to a detailed quantitative analysis of vegetation-environment relationships.

Figure 1.—A) (left) Study area located between Cape Town and Cape Agulhas, 5 km east of Walker Bay seashore; B) (right) Western part of Grootbos Nature Reserve gently sloping towards Walker Bay, eastern part hilly with maximum elevation slightly below 500 m.

2 Methods
2.1 Data collection
Vegetation sampling at GNR was carried out in winter 1997 and in spring 2004. Seventy-one
50 m² (10 x 5 m) rectangular relevés were analysed for their floristic composition and their major
environmental features. They were subjectively chosen in order to represent homogeneous patches of vegetation and divided into 10 cells, 2.0 x 2.5 m each. The floristic composition was investigated for each cell, including all identifiable species. All taxonomy followed Goldblatt & Manning
(2000). The cover was recorded as a percentage. Soil samples were taken at random localities within each relevé, in depths of 5 – 30 cm depending on soil depth.
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Environmental data were recorded for each relevé: topographic parameters (slope, elevation, aspect), vegetation age, soil depth, rock cover, pH, resistance and nutrient levels of the soil. Flow
accumulation (wetness index), solar radiation and the exposure to the fire-bearing southeasterly
winds were computed from a digital elevation model (DEM). All relevés were used for analysis,
including those located in transitional vegetation. The GPS coordinates of each relevé were stored
and the southwestern corner was marked with a concrete lintil or an iron peg to enable further
monitoring.
In addition to the regular relevés (core dataset), 127 sites were analysed to a lesser extent (these
and the core dataset together are referred to as the extended dataset). This was done without setting up a formal plot and only the dominant and easily identifiable species were recorded. The
coordinates were located with a GPS and stored for mapping. No environmental data were taken
directly for these additional relevés, but the parameters extracted from the DEM were stored.

2.2 Numerical vegetation analysis
A classification and certain ordinations were applied to the sampled dataset. The classification was
performed using TWINSPAN (Hill 1994). For the classification of the core dataset the pseudospecies cut levels were set to 0, 5, 10, 20 and 50, for the extended dataset to 0, 2, 5, 10, 20, 50. The
first pseudospecies of the extended dataset was excluded from the classification. Splitting was allowed down to two species (default: five) for both datasets. An indirect ordination (Detrended
Correspondence Analysis, DCA) was performed for the extended dataset. A direct ordination (Canonical Correspondence Analysis, CCA) was applied to the core dataset (due to the availability of
environmental data). Both ordinations were run with the whole dataset and then repeated only
including relevés classified as Fynbos. The default parameters suggested by the programs (DECORANA for the DCA and MVSP for the CCA) were applied to the analyses.

2.3 Vegetation mapping
A set of colour orthophotos (spatial resolution: 0.75 m) as well as a GIS dataset representing preliminary vegetation units mapped in 1997 were available. Attempts to extract vegetation units
from the imagery by numerical means failed as the different fynbos types showed very similar
reflection properties, while the reflection properties varied very much within each type. Consequently, GNR was explored during several excursions and assessed according to the subjective
impression of the authors, supported by the relevé information. In addition, a large number of
localities were recorded by GPS in order to locate the transitions between vegetation units. All the
point data was transfered to a GIS and mapped onto the composite orthophoto. The information
provided by the orthophotos was combined with the point data, the results of the numerical vegetation analysis and the existing GIS dataset to generate a comprehensive map of meaningful vegetation units.
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Table 1.—Summary of vegetation units recognized in this study. Average species numbers of the
complexes on 50 m² level in brackets.
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3 Results
3.1 Numerical vegetation analysis
The TWINSPAN-classification clearly supported the presence of two major vegetation types on
GNR: one fynbos (Cape Fynbos Shrublands) and the other non-fynbos (Forest & Thicket). The
wetland relevés were not clearly assigned to any of these groups, and as a result were considered
as an independent vegetation type. The Fynbos grouping was further split into an Acid Sand Fynbos Complex and Alkaline Sand Fynbos Complex, the Forest & Thicket grouping in Milkwood
Scrub Forest, Afromontane Forest and Thicket. No further significant splitting was possible in the
wetland grouping.
The level of vegetation complexes was the maximum of detail supported by the classification.
However, for the fynbos, some smaller units were clearly recognizable in the field, mostly dominated by a few or even only one species and with the bulk of the species shared among all the
units of the corresponding complex. These detailed units were conceptualized as formations,
which are summarized in Table 1.

Figure 2.—A) Detrended Correspondence Analysis (DCA) for complete extended dataset resulted
in clusters of Afromontane Forest, Milkwood Scrub Forest, Alkaline Sand Fynbos Complex and
Acid Sand Fynbos Complex; B) DCA for fynbos relevés of extended dataset resulted in discrimination of two fynbos complexes.
The ordination results corresponded well to the classification results. In the DCA for the extended
dataset, Afromontane Forest, Milkwood Scrub Forest and Fynbos were clearly separated along the
first axis (eigenvalue = 0.91), with the Thicket and the Wetland relevés intermediate between
Milkwood Scrub Forest and Fynbos (Figure 2A). The two fynbos complexes were discriminated
along the second axis (eigenvalue = 0.65). The DCA only including the relevés classified as fynbos
(Figure 2B; eigenvalues: 0.68 for the first axis and 0.62 for the second axis) showed a clear cluster-
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ing of some formations established in the classification (Thamnochortus fraternus Restioid Fynbos,

Erica sessiliflora Ericaceous Fynbos) and the post-fire relevés of Protea repens Proteoid Fynbos.
The transitions between the remaining formations appeared to be highly continuous.

Figure 3.—A) Results of Canonical Correspondence Analysis (CCA) for entire core dataset indicate
clear separation between Fynbos complexes, Afromontane Forest and Milkwood Scrub Forest,
whereas Wetland relevés are intermixed; B) Results of CCA for fynbos relevés of core dataset
show continuous transition between formations.
The CCA (Figure 3A) illustrated the clear and discrete discrimination of Fynbos and Forest depending on vegetation age, which was almost coincident with the first axis (for eigenvalues and
canonical coefficients compare Table 2). The forest complexes were discriminated by elevation,
slope, aspect and certain soil characteristics. The fynbos relevés were aligned continuously along
the second axis, discriminated by gradients of elevation, slope, pH, soil depth and rock cover. The
Alkaline Sand Fynbos Complex and the Acid Sand Fynbos Complex were clearly recognizable, but
closely together. The exclusion of all non-fynbos relevés from the CCA (Figure 3B) did not lead to
a clearer distinction of these clusters. No clear structure was recognizable within the two subclusters either. Only the Thamnochortus fraternus Restioid Fynbos and the Protea repens Proteoid
Fynbos formed ± proper clusters. A number of environmental variables showed similar explanatory value. In addition to the site scores, the scores of selected species were plotted (Figure 4). The
species were grouped in the same manner as the relevés they dominate. The red data species appear to be associated with rather extreme conditions as they occupy the edges of the plot.
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Figure 4.—Canonical Correspondence Analysis (CCA) biplot score for some selected species. Aspa
glo, Aspalathus globulosa; Eric cye, Erica coccinea var. yellow; Eric gla, Erica glabella; Eric irr,
Erica irregularis; Eric mag, Erica magnisylvae; Eucl rac, Euclea racemosa; Glad deb, Gladiolus debilis; Leuc con, Leucadendron coniferum; Leuc pat, Leucospermum patersonii; Leuc tin, Leucadendron tinctum; Eric ses, Erica sessiliflora; Meta mur, Metalasia muricata; Mura sat, Muraltia
satureioides; Oxal sp., Oxalis sp.; Pass vul, Passerina vulgaris; Pela sub, Pelargonium suburbanum;
Pent sp., Pentaschistis sp.; Prot cyn, Protea cynaroides; Prot obt, Protea obtusifolia; Prot rep, Protea repens; Saty car, Satyrium carneum; Tham ere, Thamnochortus erectus; Tham fra, Thamno-

chortus fraternus.

3.2 Vegetation units
3.2.1 Afromontane Forest
Five patches of Afromontane Forest are present at the GNR, all of them situated in the forest valley (Figure 5A). The CCA suggested an association with shallow, neutral to slightly acid soils rich
in K and Mg. The relief is characterized by steep slopes protected from the southeasterly winds.
Afromontane Forests form tall canopies with heights of more than 10 m. The canopy is frequently
dominated by Rapanea melanophloeos. The well-developed subcanopy is 3 – 10 m high, comprising Celtis africana, Chionanthus foveolatus, Diospyros whyteana, Kiggelaria africana and Sider-

oxylon inerme. Most of these species have the potential to grow to canopy height. Due to the dark
interior of the forest the ground layer is usually sparse with Asplenium adiantum-nigrum,

Droguetia iners and Ehrharta erecta as the most common species. Climbers are present (Asparagus
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aethiopicus, A. scandens and Cynanchum obtusifolium). The species diversity is low at the 50 m²
level, averaging 13.2 identifiable species per relevé.
Table 2.—Eigenvalues and canonical coefficients of Canonical Correspondence Analyses (CCAs)
for complete core dataset and fynbos relevés of core dataset.

Figure 5.—A) Patches of Afromontane Forest concentrated in south-facing ravines (left and right);
Pteris dentata Shrubland in centre; B) Interior of Milkwood Scrub Forest. Dense undergrowth of
Droguetia iners can only develop in light places, e.g. after anthropogenic disturbance. Photographs: M. Mergili.
The range of temperate forest ecosystems titled as Afromontane Forests includes the mountains of
the southern Cape but stretches far into tropical Africa where they occur at higher altitudes
(Midgley et al. 1997). The Afromontane Forests of the Agulhas Plain are ecologically similar but
floristically distinct from those considered by Campbell (1985). Instead they show affinities to the
dune forests of the Tongaland-Pondoland Forests (Moll & White 1978). These forests, and also the
Afromontane Forests along the south coast (Knysna, Tsitsikamma), have significantly higher spe-
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cies diversities than the forests on the GNR. They host taxa not present on GNR, such as Podocarpaceae and Cyathaeaceae. One reason for the declining diversity towards the southwest may be
that more and more species disappear as the climatic conditions become harsher and the forest
patches smaller.
3.2.2 Milkwood Scrub Forest
Four patches of Milkwood Scrub Forest are present at low elevations, associated with deep, slightly acid to alkaline, sandy, colluvial soils with high contents of Ca and P. In contrast to the Afromontane Forest, the CCA did not indicate a negative spatial coincidence with the southeasterly
winds. The high levels of mineral components appear to be a distinctive feature of this type of
ecosystem. Ca in particular is considerably richer in the forest than anywhere else on the GNR. In
addition,

the

soils

are

very

fertile

due

to

plant-induced

organic

enrichment

(Thwaites & Cowling 1988), which makes them suitable for agriculture and thus susceptible to
anthropogenic disturbance.
A single tree layer, usually dominated by Sideroxylon inerme, attains a height of 6 m and a very
dense cover. Euclea racemosa does form part of the canopy in some places, whereas Chionanthus

foveolatus, Gymnosporia buxifolia and the winter-deciduous Celtis africana occur as single trees or
small groups. The soil is covered by a 50 – 300 mm high, sparse to dense (where sufficient light is
available) herb layer dominated by Droguetia iners and Ehrharta erecta. The only shrub species in
the full shade of the forest is Myrsine africana, which may grow higher than 1 m. The abundance
of lianas (Asparagus aethiopicus, Cynanchum obtusifolium) and epiphytes (mainly cryptogams) is
considerable. Dead vertical branches of the spiny A. aethiopicus are particularly responsible for
parts of the forest having a thicket-like character (Figure 5B). The species diversity is low at the
50 m² level, averaging only 11.0 identifiable species.
3.2.3 Thicket
The fynbos-forest boundary is rarely sharply defined, but is often made up of a thicket of varying
height and density. This vegetation unit does not necessarily correspond to the Subtropical Thicket described by Midgley et al. (1997), although it may share certain characteristics with it. Thickets are characterized by a mixture of forest and fynbos elements. They occur at sites where fire
frequency or intensity have been reduced over a certain period, but not sufficiently to support
forest: in the buffer zones between fynbos and the Milkwood Scrub Forest, in protected ravines as
a successional stage from fynbos to Afromontane Forest and on some south-facing slopes of the
forest valley. The latter (adjacent to the Afromontane Forest) is dominated by the fern Pteris den-

tata, which attains a very high cover in these places. These ecosystems are therefore considered as
separate formations (Pteris dentata Shrubland, compare Figure 8). Forest edge thickets and valley
thickets, in contrast, are floristically similar so that a separation into two formations is not supported. The broad-leaved subtropical shrub species (Cowling et al. 1997), mainly Euclea racemosa,

Olea capensis, O. exasperata and various species of Rhus frequently dominate thickets on GNR
together with Salvia africana-lutea. Among the fynbos elements, large individuals of Leucaden-
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dron coniferum and Thamnochortus erectus are most common. Certain forest elements, most
commonly Sideroxylon inerme, may join the thicket but some thicket species may also occur as
trees in the Milkwood Scrub Forest.
3.2.4 Wetlands
The catchment areas supplying the GNR are not large enough to support permanent streams under
the prevailing precipitation regime. In winter, some springs can develop and small rivers may persist until the end of October. As a result, the distribution of true wetlands is extremely limited at
the GNR and is confined to a few suitable habitats. Nevertheless the diversity of different wetland
habitats is considerable and it is difficult to point out one type of wetland characteristic of the
GNR. As the different types are located adjacently along several environmental gradients, they
will be treated as one entity. Wetlands are related to soils with a high content of organic matter,
indicated by the dark colour. The ordinations placed the wetland relevés in between forest and
fynbos without clear relationships to any of the measured variables. The pH ranges from 6.1 – 7.9
but the relevé with the highest value is situated below a slope that may have an alkaline character.
The largest patch is located at the bottom of the forest valley. South-facing slopes are covered in a
dense, 1.5 m high canopy of Pteris dentata, (recognized as formation Pteris dentata Fernland),
whereas slightly North-facing slopes support mats of Cliffortia ferruginea and dispersed stands of

Artemisia afra, Leonotis leonurus and some thicket species. Gunnera perpensa and Senecio halimifolius are dominant directly in the temporary stream. Species such as Mariscus thunbergii, Hippia
frutescens and Zantedeschia aethiopica are present in all types. Transitions to Thicket are common. One characteristic feature of the wetlands is their low alpha-diversity with an average of
only 9.3 species per relevé.
3.2.5 Alkaline Sand Fynbos Complex
The Alkaline Sand Fynbos Complex covers most of the lower parts of the GNR. Two hundred species were recorded in 42 relevés, averaging at 24.9 species per relevé. The substrate is mainly
wind-blown, colluvial sand of varying depth, pH and nutrient levels. Dune Asteraceous Fynbos,
Neutral Sand Proteoid Fynbos and Protea repens Proteoid Fynbos are associated with these habitats. Some limestone outcrops show a different vegetation but they are too small to house many of
the rare limestone endemics found a few kilometres to the east on larger patches. Three different
limestone formations, which are frequently intermixed, have been recorded: Protea obtusifolia
Proteoid Fynbos, Erica coccinea Ericaceous Fynbos and Thamnochortus fraternus Restioid Fynbos.
Dune Asteraceous Fynbos covers the entire western part of the GNR. It forms an extensive matrix
of low ericoid/restioid fynbos, higher ericoid fynbos and thicket dominated by broad-leafed shrubs
(Figure 6A). The formation is characterized by low elevation, alkaline, deep soils (>100 cm) and
low rock cover. It corresponds well to the Dune Asteraceous Fynbos described by Cowling et al. (1988) for the Agulhas Plain and to the Eastern Type of Coastal Fynbos (Kruger 1979).
Large ericoids (Metalasia muricata and Passerina vulgaris) and non-proteoid broad-leafed shrubs
(Chrysanthemoides monilifera) are the structural dominants, in some places joined or replaced by

154 Appendix A3 – Grootbos vegetation

fabaceous shrubs (Otholobium bracteolatum, Aspalathus forbesii). Erica irregularis and certain
non-ericaceous ericoids (Anthospermum aethiopicum, Phylica ericoides) are widespread. Tham-

nochortus erectus is the most conspicious restioid but the lower Ischyrolepis eleocharis has a very
high cover in some sites. Lower individuals of the subtropical shrub species are very common all
over the Dune Asteraceous Fynbos (Euclea racemosa, Olea capensis subsp. capensis, O. exasperata
and Rhus laevigata). One characteristic feature of the Dune Asteraceous Fynbos is the lack of proteoids. If they occur (especially Leucadendron coniferum and Protea obtusifolia) they indicate a
transition to other formations.

Figure 6.—A) Dune Asteraceous Fynbos: in foreground Otholobium bracteolatum, the large shrub
at left Metalasia muricata. Note thicket element Olea capensis subsp. capensis in center; B) Fourteen year-old stand of Leucadendron coniferum (Neutral Sand Proteoid Fynbos). Photographs: M.
Mergili.
Neutral Sand Proteoid Fynbos is associated with intermediate, but varying environmental variables. The pH ranges from 4.8 – 7.8. The soils are usually shallower than those supporting Dune
Asteraceous Fynbos, but the depths range from 0 – >100 cm. Wind-blown alkaline sands lying
over the acidic Table Mountain Sandstone provide intermediate habitats between the Dune Asteraceous Fynbos and the Acid Sand Fynbos Complex. The formation shows some association with
the Protea susannae–Leucadendron coniferum Proteoid Fynbos described by Cowling et al. (1988)
and Richards et al. (1995), and the Neutral Sand Proteoid Fynbos described by Mustart et al. (2003). These units prefer rather deep, colluvial neutral sands at least partly derived from
Bredasdorp Limestone. P. susannae, however, does not occur on the GNR. Instead, Leucadendron

coniferum and Leucospermum patersonii are dominant with shifting composition. Relatively old,
almost monospecific stands of L. coniferum resemble low forests with canopy heights of up to 5 m
(Figure 6B), but with an extremely high density of thin stems, making them almost impenetrable.
In young (up to 10 years after fire) stands the two proteoids are approximately equally abundant.
An ericoid layer with variable density is present. As in the Dune Asteraceous Fynbos, Thamno-

chortus erectus is the most conspicious restioid element, whereas low restioids occur in the
ground layer, together with various species of the sedge Ficinia. North- and east-exposed slopes of
the forest valley are covered in a different vegetation unit. Owing to the high frequency of Leuca-
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dendron coniferum and Leucospermum patersonii and the scarcity of species indicating a different
unit, it has been assigned to the Neutral Sand Proteoid Fynbos, but as a different unit in Figure 7.

Figure 7.—Vegetation map of Grootbos Nature Reserve, based on orthophotos and field studies.

Protea repens Proteoid Fynbos occupies the lower slopes of the Swartkransberg heading northwards towards the broad Steynsbos Valley, as well as large parts of the Steynsbos Valley itself. It
forms 2.5 m high, medium-dense to dense stands of Proteoid Fynbos, associated with extraordinarily high values for electrical resistance of the deep (>1 m), slightly acid soils. The pH ranges from
6.4 – 6.7 and at the transition to the Acid Sand Fynbos Complex it is 5.6. It is inappropriate to
compare this formation to the Protea repens Proteoid Fynbos described by Cowling et al. (1988)
for the Agulhas Plain as it differs structurally and floristically. The formation is clearly dominated
by Protea repens, but it shares the majority of its species with the Dune Asteraceous Fynbos and
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the Neutral Sand Proteoid Fynbos. Leucadendron coniferum is frequently intermixed. The ericoids

Cliffortia ilicifolia and Passerina vulgaris are very frequent, growing up to more than 1.5 m, as
does the restioid Thamnochortus erectus. A sparse to medium-dense undergrowth attains heights
of some tens of centimetres. Parts of the formation were in an early post-fire stage at the time of
the survey, showing a high cover of Aspalathus microphylla and lacking visible individuals of Pro-

tea repens.
Protea obtusifolia Proteoid Fynbos grows on limestone outcrops and is associated with shallow to
moderately deep, alkaline soils and with low rock cover. The pH ranges from 6.9 – 8.1. The formation is characterized by 2 m high, sparse to medium-dense stands of P. obtusifolia often intermixed with Leucadendron coniferum and sometimes with Leucospermum patersonii. The bulk of
the species occurs throughout the Alkaline Sand Fynbos. The formation is frequently intermixed
with other formations of the Alkaline and even the Acid Sand Fynbos, sometimes on a very fine
scale. Despite floristic differences it shows affinities to the P. obtusifolia–Leucadendron meridi-

anum Proteoid Fynbos of the Agulhas Plain (Cowling et al. 1988) and to the L. meridianum–
P. obtusifolia Proteoid Fynbos of the Soetanysberg (Richards et al. 1995).
Erica coccinea Ericaceous Fynbos is associated with alkaline soils rich in Na and Ca. It is not related to the Ericaceous Fynbos of Campbell (1985) and Cowling (1988) and has its centre of distribution on rather steep limestone outcrops. It is characterized by a high cover of E. coccinea (var.

yellow), which is frequently joined by Indigofera brachystachya and Cullumia squarrosa. Transitions to other formations of the Alkaline Sand Fynbos are common.

Thamnochortus fraternus Restioid Fynbos (Figure 8A) grows on steep limestone slopes supporting
shallow, rocky, Mg-rich soils with low resistance and a pH between 7.6 and 8.0. It is structurally
dominated by less than 1 m high stands of the limestone endemic T. fraternus. The usually sparse
ground cover is made up of shrubs such as Indigofera brachystachya or Cullumia squarrosa, and
also Erica coccinea (var. yellow), the latter indicating a transition to the E. coccinea Ericaceous
Fynbos. Protea obtusifolia and small individuals of Leucadendron coniferum may appear as well.
The formation is associated to Kruger’s (1979) limestone fynbos.
3.2.6 Acid Sand Fynbos Complex
The Acid Sand Fynbos Complex is indicated by the presence of one or more Proteaceae species
associated with shallow, acidic soils derived from Table Mountain Sandstone (Mimetes cuccullatus
and Leucadendron salignum are the most frequent). The higher hills of the GNR are entirely covered in this complex (Figure 8B). Acid Sand Fynbos has the highest species diversity among the
vegetation complexes of Grootbos, averaging at 35.0 species per relevé with a maximum of 48 species. One hundred and forty-nine species were recorded in the 12 relevés of the core dataset altogether. Four formations of Acid Sand Fynbos were separated in this study. Part of the complex was
in an early post-fire stage at the time of the survey and was dominated by Aspalathus ciliaris,

Pseudopentameris macrantha, Thesium strictum and Othonna quinquedentata.
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Acid Sand Proteoid Fynbos grows predominantly on hilltops and steeper slopes, with its largest
patch on the Swartkransberg. It is associated with high elevation, shallow, rocky and acidic (pH
5.2 – 5.6) soils with low levels of all nutrients except K, and north-facing slopes. The formation
shows environmental and structural affinities to both the Leucadendron xanthoconus–

Leucospermum cordifolium Ericaceous Fynbos and the Aulax umbellata–Protea compacta Proteoid Fynbos of the Soetanysberg hills (Richards et al. 1995). It is floristically and structurally characterized by the absence of species that have their centre of distribution in the Alkaline Sand Fynbos Complex and by a low to medium-dense proteoid layer usually less than 1.5 m tall, including
several acidophilous Proteaceae with a changing composition and without clear dominance of one
species. Mimetes cucullatus and Leucadendron salignum are the most common, joined by Aulax

umbellata, Leucadendron tinctum, L. spissifolium, L. xanthoconus, Protea acaulos, P. cynaroides,
P. longifolia and P. speciosa. Several smaller species of Erica and further ericoid shrubs form a
sparse to medium, low-height ground layer. The restioid component is variable but Elegia juncea
in particular is abundant in some places, as is the large ‘graminoid’ Iridaceae Bobartia indica. Some
of the non-sprouting Proteaceae, in particular Aulax umbellata and Leucadendron xanthoconus,
may gain dominance in some places as well. According to Campbell (1986) and Cowling et al. (1988), part of the Acid Sand Proteoid Fynbos distinguished in this study should instead
be recognized as Asteraceous Fynbos as those authors only recognize a community as Proteoid
Fynbos if it contains more than 10% cover of reseeding proteoids. The resprouting Mimetes cucul-

latus and Leucadendron salignum, in contrast, do not fulfil this requirement.

Figure 8.—A) Thamnochortus fraternus Restioid Fynbos on limestone ridge; B) Acid Sand Fynbos
on southwestern slope of Swartkransberg; Acid Sand Proteoid Fynbos with Mimetes cucullatus
and Aulax umbellata in the foreground; Transitional Proteoid Fynbos with high cover of Leucadendron coniferum in the background. Photographs: M. Mergili.

Erica sessiliflora Ericaceous Fynbos grows on damp, south-facing slopes and in valleys. The Acid
Sand Fynbos elements are joined by several moisture indicators, such as Berzelia lanuginosa,
Cliffortia ferruginea, Drosera capensis and Psoralea arborea. Structurally dominant is Erica sessiliflora, which can be up to 1.5 m high and can attain cover values of more than 75%. Mimetes cucullatus, Leucadendron coniferum and E. glabella are common. The largest patch occurs on the
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southern slope of a mountain on the Steynsbos property, but extended canopies of E. sessiliflora
also occur on the northern slope of the Swartkransberg, indicating that the species can also cope
with less moist conditions. Transitions to other fynbos formations are manifold. The formation
corresponds well to the Wet Ericaceous Fynbos described by Campbell (1986) and Cowling et al. (1988).

Elegia thyrsifera Restioid Fynbos occupies three patches of fynbos on GNR. It is structurally dominated by Elegia thyrsifera and Thamnochortus erectus which can both exceed a height of 2 m.
Proteoids (Leucadendron coniferum, Leucospermum patersonii and partly Mimetes cucullatus) are
abundant but not dominant. Helichrysum patulum and Morella quercifolia show high cover values in some places. The formation is associated with north-facing slopes and corresponds to
Campbell’s (1986) Restioid Fynbos although it is difficult to be assigned to one of the subseries.
The sites on the GNR may represent a gradient from Mesic Restioid Fynbos with a higher share of
ericaceous Ericaceae (mainly E. sessiliflora) to Dry Restioid Fynbos. Floristically it does not correspond to the Dry Restioid Fynbos of the Agulhas Plain (Cowling et al. 1988).
Transitional Proteoid Fynbos constitutes a mixture of species centred in the Alkaline Sand Fynbos,
and species centred in the Acid Sand Fynbos. The transitional character is well indicated by the
CCA. The pH, however, does not exceed 6.0. Various subtypes of this formation are present on
GNR. Some patches are structurally similar to the Neutral Sand Fynbos but acidophilous proteoids,
usually Mimetes cucullatus, indicate the more acidic conditions. Damp ravines on the southern
slope of the Swartkransberg support a thicket-like vegetation with a high cover of Olea capensis,
but still with fynbos character. Another transition zone exists between Protea obtusifolia Proteoid
Fynbos and Acid Sand Fynbos, leading to very complex situations with P. obtusifolia and Aulax

umbellata growing almost together, but representing completely different soil nutrient regimes.
The major difference to the transition described above is that it is not based on a gradual decrease
of soil depth and pH-value, but on a fine-grained mosaic of young wind-blown, shallow, calcareous soils, older limestone ridges and underlying Table Mountain Sandstone. Extremely complex
situations prevail at the western slope of a mountain at Steynsbos, where Leucadendron conifer-

um, Leucospermum patersonii and P. obtusifolia coexist with some of the acid sand proteoids.

3.3 Vegetation mapping
The vegetation units illustrated in the map (Figure 7) largely correspond to the units established in
the analysis. Only a few changes were made (e.g. patches of fynbos in early post-fire stages). An
additional level of detail was introduced in some cases. Most of GNR is covered in Fynbos
(1 620 ha or 95.3%). Forest & Thicket account for 78 ha or 4.6% (Afromontane Forest 4.1 ha or
0.2%, Milkwood Scrub Forest for 43 ha or 2.5% and Thicket for 30.9 ha or 1.8%), whereas only
1.4 ha (0.1%) are covered in Wetland. Dune Asteraceous Fynbos covers more than half of GNR
(914 ha or 53.8%), and the whole Alkaline Sand Fynbos Complex occupies 1 385 ha or 81.5%.
Even the second largest formation of this complex, the Neutral Sand Proteoid Fynbos (191 ha or
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11.3%), approaches the same amount of cover as the whole Acid Sand Fynbos Complex (235 ha or
13.8%).
Figure 7 also gives an idea of the fragmentation of the vegetation units. The interpretation of this
information has to be approached with caution because the fragmentation may be caused by different factors, including the shape of GNR. Dune Asteraceous Fynbos and Neutral Sand Proteoid
Fynbos cover continuous, hardly fragmented areas with average patch sizes of 305 and 96 ha, respectively. Protea repens Proteoid Fynbos and Erica sessiliflora Ericaceous Fynbos also exceed
average patch sizes of 25 ha. In contrast, the distribution of Limestone Fynbos is rather patchy,
with 27 patches ranging from tens of hectares of Protea obtusifolia Proteoid Fynbos to tiny limestone outcrops covered with Thamnochortus fraternus Restioid Fynbos. The average patch size
(6 ha) is not representative in this case. In the Forest the patch size of the highly fragmented Afromontane Forests remains below 1 ha (0.81), whereas the patches of Milkwood Scrub Forest occupy slightly more than 10 ha on average.

Discussion
Three levels of vegetation units were established on the GNR: the vegetation type level and the
vegetation complex level were based on environmental conditions and species groupings (TWINSPAN), and the formation level on dominant species.
The units of the vegetation type level largely correspond to the biome level of the Broad Habitat
Units established by Cowling & Heijnis (2001), based on environmental variables. The Fynbos and
Forest Biomes occur on GNR, the Thicket Complex identified in this study does not correspond to
the Thicket Biome of Cowling & Heijnis. The complexes of this study correspond partly to the
primary units. Campbell (1985) considered Forest and Thicket as one group, as in this study. Wetlands are neither considered by Campbell (1985) nor by Cowling & Heijnis (2001). Cowling et al. (1988) classified them as azonal vegetation.
The separation of the fynbos on GNR into an Alkaline and an Acid Sand Fynbos Complex seems
sufficiently supported by the classification and the ordinations. The two complexes correspond to
the Coastal Fynbos (or Lowland Fynbos) and Mountain Fynbos, respectively (Acocks 1953; Taylor 1978; Kruger 1979; Moll et al. 1984). According to Cowling et al. (1988), a separation of fynbos
in this way has to be rejected because none of the stuctural units (Campbell 1985) are restricted to
one of those groups, and because the floristic changes within the Mountain Fynbos are as significant as between Mountain Fynbos and Lowland Fynbos. However, this study shows that it appears
to be highly relevant on a local scale, where the gamma-diversity does not play the role it does on
a broader scale while the beta-diversity is still high.
The division of the complexes into proper communities presents problems. Most subcomplex
vegetation units are based on one or a maximum of two dominant species which give the landscape a very characteristic appearance. Nevertheless, the classic concept of plant communites as an
association of several characteristic species which differentiates it from other communites should
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not be applied to these entities. The structural component in such a classification is evident, and
the groups (here called formations) show a fairly strong correlation to the classification systems of
Campbell (1985) and Cowling et al. (1988) where structural features of the vegetation were included more systematically. The difficulty of purely floristic classification systems in the Fynbos
Biome, due to high gamma-diversity, is illustrated by comparing the findings of this study to the
vegetation study of Richards et al. (1995) for the Soetanysberg. Despite environmentally comparable conditions and a distance of less than 50 km substantial floristic differences, also among the
dominant species, are evident.
The expected dependence of fynbos vegetation on certain environmental factors was confirmed
by the study. The major explanatory variables in the CCA of Richards et al. (1995) in their vegetation study of the Soetanysberg were pH, rock cover, soil depth and soil texture. Apart from soil
texture, which was investigated in more detail than in this study, the explanatory variables are the
same as for GNR. Elevation, which plays a major role here but not in the Soetanysberg, is probably
mainly a surrogate for the aeolian sediment accumulation budget, wind speed and the distribution
of different substrate types, as the correlation values (e.g. 0.78 with pH) indicate.
The clustering of the relevés in the DCA and the CCA was rather poor (compare Figures 2B and
3B) and the transitions between the fynbos units many. Only the Acid Sand Proteoid Fynbos
formed a clear cluster, together with some relevés of Transitional Proteoid Fynbos. This finding is
partly in line with the study of Richards et al. (1995): the relevés connected to low pH (sandstone)
were poorly clustered in the CCA biplot, but they were clearly separated from the relevés on limestone. On GNR the transition between the limestone formations and the remaining formations
was continuous with the Neutral Sand Proteoid Fynbos as intermediate formation, but rather with
affinities to the limestone formations. In contrast, the Protea susannae–Leucadendron coniferum
Proteoid Fynbos of Richards et al. (1995), a formation that is associated with neutral sands according to Cowling et al. (1988), did not differ substantially in pH from the sandstone formations, but
was clearly discriminated from the limestone formation (Protea obtusifolia–Leucadendron meridi-

anum Proteoid Fynbos).
The poor clustering in the fynbos of GNR may be explained by a variety of factors. The location of
the relevés (some of them were placed in transitional zones) and the high level of detail in the
study (leading to a considerable amount of noise) may serve as one explanation, the topographic
and geological patterns on GNR as another; alkaline sands cover the entire western part of the
GNR, and limestone ridges of varying shape and size are widely dispersed. This leads to windblown alkaline sands of variable depth over large parts of acid substrate and to an extremely finescaled pattern of different substrate physical and chemical properties. This is especially true for
the foothills and the lower slopes of the higher hills of GNR, leading to very complex vegetation
patterns; in some places Aulax umbellata, a strong indicator of acidic conditions, and Protea obtu-

sifolia, a strong indicator of alkaline conditions, grow immediately adjacent to each other. Only
the highest parts of the Reserve, the Acid Sand Fynbos Complex, remain untouched and do not
contain calcareophilous species. In such a fine mosaic of different environmental conditions, the
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vegetation is sensitive to influences other than topographic and substrate variables. The problems
with grouping fynbos ecosystems based on reseeding proteoids (Richardson & Van Wilgen 1992;
Privett et al. 2001) are well established, as these organisms are susceptible to local extinction
(‘drifting clouds of species abundance’). Therefore the structural dominants of the vegetation of a
certain place may shift from fire interval to fire interval, as Privett et al. (2001) have shown for the
Cape Peninsula. However, this phenomenon only occurs at a subcomplex level. The boundaries of
the fynbos complexes are not affected as steep environmental gradients prevent mixing of the species pools (high beta-diversity).

Figure 9.—Species diversity of vegetation complexes of Grootbos Nature Reserve. Size of each box
and number inside indicate total species number of complex, whereas width of lines and adjacent
numbers indicate number of species shared by two complexes. AcSF, Acid Sand Fynbos Complex;
AlSF, Alkaline Sand Fynbos Complex; MSF, Milkwood Scrub Forest; AF, Afromontane Forest;
WL, Wetland.
Figure 9 represents the floristic diversity of the vegetation of GNR at the complex level. Fynbos
and Forest constitute completely different species pools. Less than ten taxa occur in both vegetation types, whereas Acid Sand Fynbos and Afromontane Forest share no taxa at all. In contrast the
complexes within each vegetation type share a considerable number of their taxa. Wetland shares
only a few taxa with the other groupings, but the low diversity of the wetland may contribute to
this phenomenon. Although the Alkaline Sand Fynbos hosts more taxa (200) than the Acid Sand
Fynbos (149), the diversity of the latter is more than four times higher if normalized to the area
(0.63 and 0.14 taxa per hectare respectively). Even though this ratio may be of limited value it
confirms the general patterns obtained from the relevé data.
As a conclusion it can be stated that the vegetation patterns of GNR were investigated in great
detail, leading to a differentiated picture of the spatial distribution of the vegetation units and the
vegetation-environment-relationships. The major implications for further management is the potential impact of fire on vegetation structure, in particular the vegetation units dominated by reseeding proteoids. Careful planning to mimic natural fire frequencies and conditions will be neces-
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sary in order to prevent local extinction. In order to protect red data species, particular care has to
be taken when undertaking controlled burns of extreme habitats, such as steep limestone ridges
and sandstone slopes.

Short Note
In February 2006, after the submission of this paper, the fynbos ecosystems of the entire GNR
were burnt by a fire. Since then, the number of species recorded has increased from 660 to 732
(Privett & Lutzeyer in press) and two further new species (Capnophyllum sp. Nova and Ptery-

godium sp. Nova) were recorded.
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1 Introduction
1.1 Background and motivation
Floods are an often occurring natural hazard in the Alps and other mountainous regions. Thereby,
also small mountain torrents can pose a major threat. Torrent catchments normally incorporate
several altitudinal belts and often exhibit a steep relief and react rapidly to precipitation, particularly to small scale events of high intensity in the form of convection cells. If a catchment is affected by such an event then increased surface runoff and rapid subsurface flow take place and
consequentially induce a rapid and strong rise in discharge.
Extensive flooding or debris flow activity often have the greatest impact where these mountain
torrents reach the nearest large valleys. This most often occurs on alluvial fans and at the bottom
of the valleys of the receiving streams. Residential buildings, infrastructure as well as industrial
buildings are often located in these areas, thus causing considerable local damage.
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This study deals with small hydrological catchments in the Alps with an area of less than 25 km2
each. In catchments of this dimension area properties play a particularly important role in runoff
formation. However, in larger catchments the effects of the specific hydrological properties of
subcatchments are often levelled out (Spreafico et al. 2003: 13).
Even though many hydrological investigations have been conducted in the Alps, there are only a
few small catchments with corresponding high-resolution data on precipitation and discharge (e.g.
Löhnersbach, Schmittenbach, Spissibach, Erlenbach, Lainbach; see e.g. Kirnbauer et al. 2004, Hagen 2003, Kienholz et al. 1996, Hegg et al. 2006, Wetzel 2001, 2003). Thus, numerous questions
regarding the runoff formation have still not been answered satisfactorily despite long-term research. However, runoff formation processes need to be understood in more detail for a better
estimation of extreme runoff in areas without hydrological data. These estimation procedures enable the planning and implementation of appropriate protective measures, be it the dimension of
protective structures or the designation of hazard zones. Hence, this project aims at contributing
to natural hazard management.
1.1.1 Challenges and objectives
The runoff generation in a hydrological catchment is the result of complex processes that consist
of numerous sub-processes. These in turn are decisively controlled by a series of natural and anthropogenic conditioned factors such as geological substratum, relief, soil, vegetation and land use.
Due to the small-scale changing interaction of these factors in the Alps, the spatial variability of
runoff processes is very high. This can be seen, for example, in the comparison of the specific runoffs of three catchments of the Val Poschiavo in Switzerland during a long lasting precipitation
event of high intensity in June 1987 (Scherrer 1997: 17); despite similar characteristics of the precipitation event in all three areas the maximum specific discharge ranged between about 0.3 und
1.2 m3 km-2. The differences can be explained by the respective properties of an area, which determine the ratio between precipitation and runoff.
Nevertheless, within an individual catchment the relationship between precipitation and runoff is
subject to certain fluctuations as well. This is because besides the relatively permanent area properties the runoff generation is also controlled by the current system status of a catchment. Among
the variable factors are the seasonal conditions of the vegetation, the soil moisture as well as frozen soil or snow cover. Each of these factors displays a typical range of possible values and a typical temporal progression over the course of a year. This knowledge is important for the estimation
of possible runoff events.
Figure 1 based on the hydrological analysis of the Stampfangertal catchment (see figure 2 and tables 1 and 2), clearly shows that similar precipitation events can cause different runoff reactions.
Due to different previous precipitation, varied soil moistures prevailed preceding the event. The
left graph depicts the discharge reaction in the case of a short and intense precipitation event following a seven-day dry period. The other event in the right graph took place only 24 hours after
the first event. Consequently, the soil’s storage capacity was already partially exhausted and ac-
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cordingly in the second case the surface runoff and resulting peak discharge are higher. It was
proven in the project at hand for another study area in the montane altitudinal belt (Moran et al.
2005) that the accumulated precipitation of the previous days has a noticeable influence on the
runoff development.
However, it should be noted that in very high precipitation events, especially of long duration, the
soil moisture and other variable factors play a subordinate role. Furthermore, Naef (2007) points
out that in extreme precipitation events additional processes supporting the increased runoff can
occur, which can hardly be considered by conventional estimations based on catchment properties.

Fig. 1 Two similar precipitation events with their corresponding discharges in the Stampfangertal
catchment (9-10 October 2004)
Based on these considerations, the objective of the project was the development and testing of a
deterministic, distributed rainfall-runoff model for small Alpine catchments that calculates the
discharge hydrograph dependent on precipitation, area properties as well as the current system
status (Geitner et. al. 2005). Herewith changes in the catchment area such as land use and climatic
conditions can be taken into consideration and their effects on flood discharge can be modelled
and analysed. The model should meet the following requirements in regard to data input and
transferability in order to be used in practice by experts:
•

Because data for the regional environment of Alpine catchments (geological substratum, relief,
soil, vegetation, land use, precipitation and discharge) are only limitedly available, the model
should be able to run without a great deal of input data.

•

Instead of conducting new data surveys the already existing information should be adapted to
the model requirements and thus optimally utilized.

•

Missing, but required data should be obtainable with manageable investigation expense.

•

The model should be developed and tested in catchments with a sufficient amount of data.
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•

The model should preferably be transferable to other Alpine catchments. The possibilities and
boundaries of transferability should be shown and requirements for future optimisation should
be stated.

1.2 State of the art
Today a greater number of individual studies regarding runoff development in small Alpine
catchments are available (e.g. Kirnbauer and Haas 1998, Kirnbauer et al. 2001, Kienholz et al.
1996, Kirnbauer et al. 2004, Kohl et al. 2004, Markart et al. 1997, Markart and Kohl 2004, Naef et
al. 1998, Scherrer and Naef 2003, Wetzel 2001, 2003). Besides the complex analysis of precipitation and discharge values and often extensive surveys of the area properties these studies also partially make use of experimental techniques to increase the understanding of processes. In particular, rain simulations are an important experimental method in which artificial rainfall with varying intensity is created on test plots with different properties. The results of these experiments
(e.g. Bunza and Schauer 1989, Markart et al. 2004, Scherrer 1997, Scherrer et al. 2007) have contributed considerably to the understanding of how the surface properties influence the runoff
formation. However, since these tests are extremely time-consuming they are only available for a
limited number of surface types and rarely repeated on the same plot under differing preconditions. In addition, the transferral of the results of a small test plot to catchment scale creates a
number of methodological questions that should not be left unconsidered. On the basis of about
700 rain simulations Markart et al. (2004) developed a simple code of practice for the assessment of
surface runoff coefficients for Alpine soil-vegetation units in torrential rain, which aims at being
used in the field. These runoff coefficients were also used in the current project to aid the estimation of the infiltration capacity of hydrological response units (see chapter 1.3.3).
Based on these studies, approaches have been developed in the last years that aim at identifying
dominant runoff processes on homogenous surfaces (Peschke et al. 1999, Tilch et al. 2002, Uhlenbrook 2003, Waldenmeyer 2003, Scherrer and Naef 2003, Schmocker-Fackel et al. 2007). However, for Alpine catchments only a few attempts have been made so far to determine dominant runoff processes (Kirnbauer et al. 2004, Tilch et al. 2006). The method developed by the authors mentioned above, provide a process orientated description of homogenous surfaces. By assigning
soilhydrological parameters to them, they can be applied for the modelling of the runoff process
(Schmocker-Fackel et al. 2007). The development of rainfall-runoff models has a history of more
than 100 years and has become more dynamic in the past years due to the increase in modern
computer technology. Beven (2001, 2005) provides a comprehensive overview of the status of hydrological modelling and the remaining unsolved questions.
The hitherto developed and implemented models for Alpine catchments differ in regard to data
input and algorithms (e.g. PREVAH, WaSim-ETH, HQsim). An overview would go beyond the
scope of this article. Nevertheless, it can be stated that hydrological models based on data obtained
from certain areas led to good results. However, problems often occur when the models are transferred to other catchments. Essential findings for the optimisation of modelling could be won if
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different models were used in the same catchment area and the results were critically analysed (as
e.g. in Seyhan and Van de Griend 1998). Unfortunately, hardly any such systematic surveys exist.

2 Study areas
The selection of the study areas for this project took place primarily according to size (<25 km2)
and the available meteorological and hydrological data. In addition, the test areas should cover a
certain variety of Alpine catchments in regard to location, geology, relief and vegetation (Moran
et al. 2005). The influence of karst formation was excluded. In the following section two catchments with very different area properties are introduced and their runoff dynamics discussed.

Fig. 2 Location of study areas in the Austrian Alps
Table 1 Characteristics of the study areas

Area (km²)

Altitude (m a.s.l.)
Altitudinal belt
Geology

Längental

Stampfangertal

subalpine, alpine, nival

montane, subalpine

9.2

1,900 – 3,010

Crystalline basement

22.3

640 -1,830

Greywacke
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Fig. 3 Landcover in the study areas

2.1 Location and catchment characteristics
Figure 2 shows the location of the test areas Stampfangertal and Längental in the Austrian Alps.
Table 1 compiles important catchment characteristics. There is a distinct difference in altitude; the
Stampfangertal catchment represents the montane and subalpine altitudinal belt and the Längental catchment the subalpine, alpine and nival belt. Accordingly the vegetation and land use differ
(see figure 3). Three quarters of the surface in Längental consists of bedrock and almost unvegetated coarse debris, whilst nearly half of the Stampfangertal catchment is forested.

2.1 Data basis and hydrological comparison
Table 2 provides information on the existing meteorological and hydrological stations as well as
characteristic meteorological and hydrological values in the study areas. The meteorological station lies within the Stampfangertal whereas the station in Längental lies just outside the catchment boundary.
As confirmed by the hydrological and meteorological data the following main differences can be
established:
•

The annual sums of precipitation as well as the frequency of heavy rainfall decrease from the
Alpine fringe (Stampfangertal) to the central Alps (Längental).

•

Due to the altitude of the Längental, runoff is controlled much more by snowfall and snowmelt. Thus, the highest discharge is more likely to occur in early and midsummer.

•

The maximum specific discharge (m3s-1km-2) is higher in the Stampfangertal. The highest peak
value has a much shorter return period than in Längental. The different reaction of both study
areas can be ascribed to the great diversity in geological and geomorphological conditions (see
chapter 1.4.2).
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Table 2 Information about the observation stations and the meteorological and hydrologic characteristic values of the study areas

Rain gauge

Series of measurements since
Max. discharge (m3s-1)

Max. specific discharge (m3s-1km-2)
Return period, Gumbel distribution
(Years)

Months with most discharge maxima
Rain Gauge

Series of measurements since
Annual precipitation (mm)

Months with the highest precipitation
Max. precipitation rate (mm h-1)

Längental

Stampfangertal

7.0 (23.08.2005)

18.5 (22.07.1998)

Längental, 1,933 m a.s.l.
1981
0.76

~120 (7.0 m3s-1 ± 2 m3s-1,
d = 90 %)
May, June, July

Kühtai Kraftwerk, 1,970 m
a.s.l.
1987

1,200

June, July, August

22.2 (27.06.1998)

Söll, 628 m a.s.l.
1987
0.83

~19 Years (18.5 m3s-1
± 5 m3s-1, d = 90 %)
July, August, September
Bromberg, 1,180 m
a.s.l.

2004 (daily data since
1986)
1,450

June, July, August

33.6 (29.06.2006)

Fig. 4 Comparison of the development of the maximum specific discharges in 2005 (cumulative
precipitation and discharge during the depicted period: Stampfangertal, 87 mm, 1.15*106 m3;
Längental, 121 mm, 1.05*106 m3)
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The analysis of the largest runoff events in both catchments shows, that these can be triggered
through both short, intense, as well as significant, long-lasting precipitations. In August 2005
long-lasting and heavy precipitation led to maximum specific discharge in many areas of the Alps
which caused unprecedented water levels (BWG 2005, BMLFUW 2006). In Längental the highest
discharge value in the existing series of measurements was also reached during this event. The
precipitation in Stampfangertal was not as heavy and the discharge was only the third highest in
the series of measurements. This special event is of great interest not only for statistical evaluations but also for validating model results.
Figure 4 illustrates the specific discharges in each catchment for this special event. The hydrograph of Längental does not only exhibit the higher specific discharge, but remains longer on a
higher level during the event, which is typical for this catchment. In addition, the maximum discharge follows the maximum precipitation with a greater delay than in the Stampfangertal. For
this event the values of the maximum specific discharge in both catchments lie on about the same
level. This is an exception because in most of the analysed events the specific discharge in the
Längental is only half as high as in the Stampfangertal.
The unusual form of the hydrograph in the Längental can be explained to a certain extent by the
long stretched geometrical form of the catchment area but also indicates a significant temporary
storage capacity in the talus slopes of the catchment. Also summertime snowfields at higher altitudes can serve as a temporary storage and contribute to a prolonged runoff.

3 Model
3.1 General model layout
The model framework SYCOSIM (SYstem COnditions Spatial SIMulation Framework) was developed in order to allow for the data-extensive assessment of the hydrological response to rainstorms
and rapid snowmelt, taking into account the status of the hydrological system at the start of the
considered event (Mergili et al. 2006a). Topographical, landcover, pedological, geological and geomorphological information is required as input as well as meteorological datasets. The model
operates with the following steps (see figure 5):
1. Parameter preparation: the input datasets are converted into raster maps representing hydrologically relevant information, including the water storing capacities (pool sizes) of
vegetation, litter and soil. Some simple sets of rules are applied as well as a more advanced
soil model (compare chapter 3.2 and 3.3).
2. System status model (raster-based): the status of the pools (degree of filling, remaining capacity) is computed in daily steps over a sufficient time span to account for long-term processes (e.g. the development of snow cover and the status of soil freezing). Rainfall and
snowmelt serve as input to the pools, evapotranspiration, seepage and runoff as output
(compare chapter 3.4).
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3. Surface runoff model (raster-based): the status of the pools is computed in hourly steps
over the period of a selected event. The surplus of available water being captured by neither of the pools (overflow) is considered as surface runoff of the corresponding pixel
(compare chapter 3.5). This surface runoff includes the subsurface flow near the surface, as
it is usually also measured in experimental rain simulations (Markart et al. 2004). The rest
of the subsurface flow was not taken into consideration.
4. The surface runoff is routed through a stream network to the gauge. The model result is
validated against the discharge measured at the gauge (compare chapter 3.6).
SYCOSIM is fully based on software products under the GNU licence (open source). GIS operations are implemented via GRASS (grass.itc.it), statistical operations were designed using RProject
(www.r-project.org). Some operations were outsourced to the Python scripting language. The
background code constitutes a system of shell scripts running under UNIX systems.

Fig. 5 The general layout of the SYCOSIM model (The system status model and the surface runoff
model are illustrated in Fig. 6)

3.2 Input data and parameters
In this chapter all input data and parameters applied in the modell are explained. A corresponding
overview can be obtained in Table 3.
3.2.1 Terrain information
The DEMs with 20 m resolution were available for both study areas. Several derivates like slope,
aspect, and watershed delineation were automatically computed from the DEMs during the process of calculation (see below).

174 Appendix A4 – System status and peak runoff

Table 3 The most important input data and parameters for the SYCOSIM model. Parameters written in bold indicate basic input datasets from which others are derived. All datasets have to be
spatially distributed as raster, except those written in italic letters.
topographic parameters

meteorological
data (daily resolution)

elevation z (m)

input elevation map from
official datasets

solar irradiation R
(Wh/m²)

derived from elevation map
(r.sun)

local slope α (deg)
topographic Index
(rel)
precipitation Pd
(mm)

temperature at defined elevation T0
(°C)

vertical temperature gradient ΔT/Δz
(°C/m)
vapor pressure e
(hPa)

meteorological
data (hourly resolution)
land cover parameters

temperature T (°C)
precipitation Ph
(mm)

land cover class
(nominal)

carbon-nitrogenratio of the litter
interception capacity
of stems and leaves
ICveg (mm)

soil parameters

interception capacity
of litter IClit (mm)
total soil depth d
(m)

depth of A horizon
dA (m)

average grain size
(μm)
bulk density
ρ(kg/m³)

organic content corg

derived from elevation map
(r.slope.aspect)
derived from elevation map
(r.topidx)

required

derived automatically

obtained from meteorological records

required

from records or standardized values

optional

derived from T0, ΔT/Δz and R

derived automatically

existing map or mapping in
field or from orthophotos

required

derived from literature values for each land cover class

derived automatically

obtained from meteorological records

from met. records or assumption that e=0.5es on
days with Pd=0, else e=es (es
= saturated vapor pressure)
obtained from meteorological records

derived from literature values for each land cover class

from field investigations

required

required

required
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(%)

skeleton content cs
(vol-%)
substrate parameters
complex parameters
stream channel
network

field capacity Θs (vol%)

chemical properties
of bedrock or sediment cover (ordinal)
physical substrate
properties (ordinal)
diffuse loss dl (mm)
vector geometry

channel segment
slope (deg)
channel segment
width (m)

d90 grain parameter (μm)

derived from soil parameters
using predefined rules

derived automatically

estimate of drainage through
soil, derived from parameters above

derived automatically

existing map or mapping in
field or from orthophotos

coordinates of the endpoint
of each channel segment
from elevation map and
mapping in field or from orthophotos

required

required

from field measurement or
slope map
from field investigation
from field investigation

3.2.2 Meteorological and hydrological information
Information about temperature, precipitation and runoff was obtained from the Hydrographic
Service (HD) and the Austrian Meteorological Service (ZAMG) (see table 1). For the Stampfangertal catchment daily precipitation data, namely sums from one permanent and two temporary
gauges, were available. As daily precipitation values are insufficient for runoff modelling a temporary station (summer 2004 and 2005) was installed. Temperature data was computed from nearby
stations. For the Längental daily temperature and hourly precipitation sums were available from a
closely adjacent station (Kühtai). For both catchments daily snow height measurements, required
for the validation of the snow model, were available from the vicinity of the rain gauges. Unfortunately no information on humidity, evapotranspiration and wind speed was obtainable.
Hydrological information was required for model validation. High resolution discharge values
were available from the HD for the outlets of the study catchments.
3.2.3 Landcover and soil information
For selected parts of the research areas landcover (a combination of vegetation and land use) was
mapped directly from aerial imagery and field studies. Additionally, the following datasets were
available for use: (1) the Seger (2000) landcover dataset, representing a thematically highly de-
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tailed vector map for the entire territory of Austria at a scale of 1:100,000; and (2) the Schiechtl
(1987) forest map for Tyrol, designed at a scale of 1:25,000.
Hydrologically relevant soil parameters (soil depth, depth of A horizon, skeleton content, grain
size, bulk density and organic content; see table 3 and Mergili et al. 2006b) were investigated at
selected profiles using simple field methods (Schlichting et al. 1995).
Alpine soils offer some peculiarities (e.g. Geitner 2007) that ought to be considered. Their features
are very variable and can change abruptly at small scales, making detailed maps highly laborious.
Moreover, some typical characteristics of alpine soils e.g. high skeleton content and thick organic
layers are difficult to evaluate in regard to their hydrological effects. Precise knowledge of the soil
profile and the near surface substratum are especially necessary for the quantitative estimation of
the subsurface runoff. As this project concentrates on surface runoff, the main focus of the soil
examinations was placed on the upper part of the profiles in terms of infiltration and water storage
capacities.
3.2.4 Geological and geomorphological information
A geological map at a reasonable scale (>1:100,000) was only available for the Längental. For the
Stampfangertal catchment a geological survey was carried out leading to a map at a scale of
1:10,000. For the purpose of modelling, the geological maps were generalized to three classes on
an ordinal scale, according to the chemical properties: (1) carbonate, (2) intermediate or mixed,
and (3) silicate.
Geomorphological maps were not available for the study catchments. A survey resulting in a map
at the 1:10,000 scale was carried out for the Längental. For the Stampfangertal catchment, the
most important geomorphological features could be extracted from the geological map. For the
purpose of modelling the maps were simplified into three classes: (1) bare rock, (2) blocky debris,
and (3) fine and intermediate debris (moraine, alluvium).
3.2.5 Stream network
Provisional stream network datasets for the study areas are derived from the DEMs. A field survey
served for validating channel inclination as well as for the investigation of the d90-value, representing the bottom roughness (Rickenmann 1996) and the division of the networks into homogeneous segments according to all the relevant parameters.

3.3 Parameter estimation
3.3.1 Terrain and its derivates
Several terrain parameters were derived from the DEM:
•

Slope and curvature (r.slope.aspect function of GRASS)

•

Solar irradiation on a monthly basis (r.sun function of GRASS)

•

A map of cumulative air temperature was prepared in order to account for the available energy
for biological processes: The offset and the vertical gradient were calculated from the meteoro-
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logical stations. The gradient according to the differences in solar irradiation (aspect) was
computed following an approach developed by Welpmann (2003):

T = T0 −
•

0.005(R0 − R )
,
c

(1)

where T [K] is the corrected air temperature, T0 [K] represents the uncorrected air temperature, R [Wh m-2] is the daily solar irradiation at the considered pixel, and R0 [Wh m-2] represents the daily irradiation in the same place if it would be flat. c [-] is the degree of cloudiness.
In the present study R0 was taken as the average irradiation over the study area under investigation. Due to a lack of data, a complete cloud cover was assumed, as otherwise the influence
of the aspect seemed to be too high. The temperature correction was computed for the 15th day
of each month, using monthly averages of the temperature and summed up over the year.

•

A subbasin was computed for each segment of the stream network, in order to assign the runoff from each single pixel to one of the segments.

3.3.2 Landcover
The classes of all the landcover datasets were automatically referenced to predefined hydrological
vegetation units according to Markart et al. (2004). The carbon-nitrogen-ratio of the litter, as a
major factor for the biological activity of the soils was derived for each landcover unit, according
to literature values (Blume et al. 2002).
Leaf area indices LAI and interception capacities IC of the foliage and the litter were estimated on
a monthly basis for each landcover unit according to literature values (Frey and Lösch 1998,
Larcher 2003, Mendel 2000) and expert opinions. Root depth was computed according to Hörmann (2003):

a = 1 − bz ,

(2)

where a [-] represents the share of the root network that is above the depth z [m]. b depends on
the type of vegetation. The depth for which a=0.9 was considered as root depth.
3.3.3 Soil
As soil characteristics – in contrast to landcover characteristics – are not accessible for direct mapping a suitable model approach had to be chosen for the estimation of the spatial distribution of
soil hydrological characteristics, based on the soil parameters investigated at selected profiles.
A three-step regression model was used for this purpose, refining the method presented by Mergili
et al. (2006b). Raster maps representing the potential determinants for the spatial distribution of
the soil variables were used as predictors. Thereby the following factors were taken into consideration: cumulative air temperature of the growing season, physical and chemical type of the substrate, slope inclination, topographic index, carbon-nitrogen-ratio of the litter and anthropogenic
disturbance. The values of all predictor variables at the study sites were extracted from the corre-
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sponding maps (r.what function of GRASS) and joined to the soil variables table. The regression
model framework operates as follows:
1. A regression that can be linear or nonlinear is performed separately for each predictor (e.g.
substratum, slope, cumulative air temperature) and each soil variable (e.g. depth, organic
content, skeleton content). This is in order to (1) investigate the significance of the relationships between predictors and variables, analogous to an ANOVA (analysis of variance),
and (2) to create linear relationships between the soil variables and derivates of the predictor variables, in order to facilitate the next step:
2. Multiple linear regression. For each soil variable the corresponding derivates of the significant (p>0.05) predictor variables are included in the regression equation.
3. Maps of field capacity FC [Vol. %], storage capacity SC [mm], pore volume Vp [Vol. %],
hydraulic conductivity kf [cm day-1] and permanent wilting point PWP [Vol. %] are computed from the soil parameter maps obtained in step two using relationships derived from
literature values (Schlichtung et al. 1995; Frey and Lösch 1998; see Mergili et al. 2006b).
The reduction point of the soil PR [Vol. %], defining the water content below which soil
evaporation is reduced, is estimated from PWP and FC.
3.3.4 Seepage through the soil: the concept of “diffuse loss”
Seepage is a complex issue that requires advanced measuring techniques and equipment as well as
complex models in order to be fully accounted for in a deterministic way. Therefore a simplified
approach had to be applied for the purpose of this study. Markart et al. (2004) compiled a large
dataset relating seepage to an array of environmental variables, based on decades of measurements
by the Federal Research and Training Centre for Forests, Natural Hazards and Landscape (BFW).
This method requires the following information (Markart et al. 2004): vegetation type, water balance by means of indicator plants, grain size and soil density and the effects of land use (mainly
pastures). For the investigation at hand the soil data was generated in the field, whereas the other
information was derived from already existing datasets based on profound area knowledge. All this
information was converted into maps of potential seepage for the study catchments.
The evaluation of the numerous rain simulations conducted by Markart et al. (2004, 2006) indicates that saturation of the soil does not completely impede infiltration, especially in steep terrain
(Wetzel 2003). Instead, the infiltration rate, normalized to rainfall intensity, remains constant at
sufficient high rainfall intensities, only decreasing at lower intensities. This situation implies that
the same amount of water has to leave the system in order to maintain equilibrium conditions. As
this concept represents a lumping of different processes (interflow, deep percolation) it was called
“diffuse loss”.
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3.4 System status model
3.4.1 General aspects
This part of the model framework simulates the development of the status of each system component (vegetation, snow cover, and soil) in daily steps over a time period that can be chosen by the
user. Generally, it is appropriate to use the start of the Alpine hydrological year (October 1) as
starting date as the pools are usually least filled around this date and the program assumes empty
pools at the start of the calculation.

Fig. 6 Workflow of the system status and the runoff models. The diagram represents one daily step
(system status model), or on hourly step (runoff model), respectively
A simple pool system and overflow model approach was used. The real capacities of the pools
(vegetation, litter, soil) are dynamically modelled, based on the seasonally variable interception
capacities (vegetation, litter) and the static field capacity (soil). Submodels were used for computing potential evapotranspiration, snowmelt and soil freezing/thawing. Figure 6 illustrates the major characteristics of the model.
3.4.2 Submodels
•

Potential evapotranspiration ETP [mm] is computed using a common approach developed by
Haude (1958). The simplified version used in this study,
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1 − 0.7 LAI 0.7 LAI (1 − 0.05n )
ETP = 
+
(es − e ) ,
2
4


•

(3)

requires saturation vapour pressure deficit es – e [hPa], leaf area index LAI [m2 m-2] and the
number of previous days without precipitation n [-] as input. The relative humidity was generally set at 50 %. ETP was set to zero for days with precipitation. These simplifications had to
be made due to a lack of appropriate data. Moreover it must be considered that the application
of this method is questionable in windy, high altitudes.

•

Melting snow constitutes an important contributor to runoff. For a study as presented here it
is therefore required to apply a reliable model of snow cover build-up and melting. Data intensive models, as have already been applied in the Längental test area by Blöschl and Kirnbauer
(1991), were not considered in this project. For due to the limited availability of data the snow
model had to be kept as simple as possible, only considering water equivalent rather than actual snow height. Snow accumulation was computed by considering precipitation as snowfall
if the average daily temperature remained under a critical value T0 that was set to 273.15 K.
Snowmelt was accounted for using a degree day factor DDF that was calculated based on temperature, precipitation and snow cover data from 88 stations in Tyrol (between 420 and 2245
m.a.sl.) by finding the best fit of the convergence of snow accumulation and melting. A vertical gradient of DDF was found and conceptualized by introducing four elevation classes for

DDF (table 1.4) (Geitner et al. 2006). No relationships were found between DDF and irradiation. Snowmelt SM was calculated using the relationship

SM = DDF (T − T0 ) ,
•

(4)

where T [K] is the daily average temperature and T0 [K] is the temperature threshold for
snowmelt, which was set to 273.15 K.

•

Soil freezing and thawing are complex issues. Schroeder et al. (1997), as part of the HELP
model, have presented a relatively simple approach to cope with this problem: freezing occurs
as soon as the average temperature of the previous 30 days remains below 273.15 K. Melting is
treated in a more complex way, depending on the surplus of days above this threshold compared to days below. The required surplus DFS can be estimated using the relationship

DFS = 35.4 − 6.62 ⋅ 10−3 (Rs − Rso ) ,
•

(5)

where Rs [Wh m-2] is the solar irradiation on December 1 of the first year of the calculation,
and Rso [Wh m-2] represents the average daily sum of potential irradiation in December.

Table 4 Elevation classes of the degree day factor DDF
elevation [m]

DDF [mm K-1 d-1]

<750
0.75

>750 – 1100
1.25

>1100-1800
2.00

>1800
3.00
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Pool model:
Both filling and evaporating from the pools follow from top to bottom. Precipitation hits the foliage. The available interception pool is filled, the rest of the water continues to the litter pool,
which is also filled and the rest of water infiltrates into the soil. Seepage to interflow and groundwater was computed using a concept related to that of diffuse loss.
After the precipitated water has been properly allocated to the pools and seepage has been estimated, evaporation comes into action. Water is removed from the foliage until potential evapotranspiration is reached, or until the foliage has dried up. In the latter case, water is evaporated
from the litter, and then from the soil. At soil moisture levels below the reduction point soil evapotranspiration is reduced according to the following relationship:

ET = ETP

SM − PWP
RP − PWP

(6)

where ET [mm] is evapotranspiration, ETP [mm] is potential evapotranspiration, SM [Vol. %] is
soil moisture, PWP [Vol. %] is the permanent wilting point, and RP [Vol. %] is the reduction
point.
If precipitation occurs on the considered day, evapotranspiration is reduced. When all the pools
are emptied, or the potential evapotranspiration has been reached, the pool capacities are updated
and the whole procedure is repeated for the following day, or the system stati are fed into the
runoff model.
The procedure described above is followed as long as none of the three following situations occurs:
1. Precipitation occurs as snowfall: the water equivalent of the snowfall is added to the water
equivalent of the already existing snow cover while the other pools remain unchanged.
2. A snow cover exists, but the temperature is above the critical temperature for melting: the
water equivalent of the melting snow is added to the soil pool, until the soil pool is filled.
If rainfall occurs on the snow cover, it is directly traced to the soil pool. No sublimation
from the snow cover is taken into account.
3. The soil is frozen: the soil pool is locked and it s status remains unchanged – it can neither
take up water, nor evaporate it.
Runoff model:
Surface runoff generation:
The runoff model works analogous to the system status model (see figure 6), with the following
exceptions:
•

It operates in hourly steps over a range of days that can be chosen by the user. The status of
each pool is calculated for each time step.
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•

The amount of water not fitting into the pools is considered as runoff. This way a runoff
height is assigned to each pixel for each time step.

•

Evapotranspitation is ignored in this module as (1) it only plays a major role over longer time
spans; and (2) days with high rainfall, being of particular interest for this application, are frequently characterized by low evapotranspiration.

•

Soil freezing and thawing are not computed as these processes run over longer time spans. The
status at the beginning of the model run is applied.

•

Water only infiltrates into the soil as long as the infiltration capacity (derived from data from
the BFW, Markart et al. 2004) has not been exceeded. The surplus runs off immediately.

•
Runoff concentration:
Each pixel has been assigned to a stream segment where it drains to. Time of concentration (runoff
delay) depends on the flow length from the considered pixel to the stream network, slope and
surface roughness. Time of concentration was estimated as average for each sub-basin, according
to the relationship

Tc =

i =n

∑ a ⋅ e−bϕ i ,
i =1

(1.
7)

where Tc [min] is the time of concentration, ϕι [°] is the local slope angle at the considered pixel i,
and a [-] and b [-] are parameters that have to be adapted. n is the size of the sub-catchment [m²].
The idea behind this concept is that runoff delay increases with decreasing ϕ and with increasing

n, the square root was introduced in order to account for the linearity of runoff concentration.
Information on the surface roughness is not available at a sufficient accuracy for being implemented into the approach.
Routing through the stream network:
Routing a flow through a stream network requires the application of an algorithm relating the
runoff out of a stream segment to the water content of the same segment. Rickenmann (1996)
developed such an algorithm, particularly suitable for streams with considerable slope angle as
present in the study catchments. Its application does not require advanced parameters of stream
geometry, but only segment length, segment slope and bottom roughness, expressed as d90-value.
A routine that can be run using the Rickenmann algorithm, and that constitutes part of the hydrological model HQsim (Kleindienst 1996), was applied for the routing of the flow through the
stream network to the gauge.
On the basis of the described input parameters and model components a greater number of runoff
events were calculated for the catchments. Hereby, the peak discharges were of particular interest,
because during their formation the rapid runoff components were dominant. In order for minor
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discharge to be correctly modelled the long-term runoff components should be taken into consideration, which was not the aim of the current study.

4 Results
In this chapter the model results are compared with measured peak discharges in both study areas.
Since the model was developed for extreme precipitation and discharge events, the highest known
discharges in the test catchments were chosen. Below the event on August 23, 2005 is presented,
which was characterised by long-lasting and heavy precipitation. It led to a maximum specific
discharge, as was also the case in many other areas of the Alps, causing unprecedented water levels
(BWG 2005, BMLFUW 2006).

Fig. 7 Modelled and measured discharge hydrographs for the Stampfangertal catchment

4.1 Comparison of modelled and gauged discharges in the Stampfangertal catchment
Figure 7 shows the modelled and measured values for the Stampfangertal catchment after calibration. In the calibration phase optimal values were ascertained for the diffuse loss (controls the
height of the peaks) and the parameters a and b of the runoff concentration (controls the course of
the hydrograph). Consequently, the peak discharge of the main event could be well represented.
The comparison of the whole discharge hydrograph shows however that not all processes could be
realistically depicted in the model. Thus, firstly the small events are overestimated in the model.
Secondly, the main event ends too abruptly which means that the discharge amount is underrepresented.

4.2 Comparison of modelled and gauged discharges in the Längental catchment
In contrast to Stampfangertal, the modelled and measured discharge hydrograph in the Längental
could not be brought into accord, despite various calibration attempts. Not only the amounts but

184 Appendix A4 – System status and peak runoff

also the peak discharge in Längental was underrepresented (see figure 8). Only the first rise of the
hydrograph was modelled well, however the modelled discharge hydrograph descends much too
rapidly.

Fig. 8 Modelled and measured discharge hydrographs for the Längental catchment

Fig. 9 The extensive talus slopes in the Längental dispense the infiltrated precipitation water with
a delay at the foot of the slope
Due to these results all data inputs and calculations were reassessed for the Längental catchment
and compared to Stampfangertal. Thereby the importance of certain phenomena for runoff generation became clearer, that had been inadequately considered by the model so far: namely the ex-
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tensive talus slopes that cover about one third of the catchment (see figure 9). In the case of a precipitation event or snowmelt, the water completely infiltrates the coarse debris and appears again
at the foot of the slope with a certain delay. This process seems to be responsible for both, the time
lag of the discharge peak, which took place a significant 12 hours after the maximum precipitation, and the slow decrease of the discharge hydrograph. This temporary water storage in the talus
slopes after a precipitation event was repeatedly confirmed through field observations (see figure
9). Since SYCOSIM only takes the rapid surface runoff components into consideration the model
is currently not suitable for application in areas such as Längental.

5 Conclusions and discussion
In this project a model prototype was developed for simulating peak discharge in small Alpine
catchments. It calculates the rapid runoff components and takes both the area properties as well as
differing system statuses of the catchments into consideration using only a relatively small amount
of data. More comprehensive data acquisition in the catchments need only be made in regard to
the soil and channel features.
The comparison of the first modelled results to the measured extreme discharges leads to the following conclusions, that ought to be subject to further investigation:
•

In the Stampfangertal catchment the results of a calibrated model represented the peak discharge quite well. However, smaller discharge events are overestimated by the model. The total amount of the event’s discharge was too low since the model only took the rapid runoff
components into consideration.

•

Despite calibration the model results in the Längental catchment did not represent the measured peak discharge. This was explained by the high cover of talus slopes that function as temporary storage and could not be modelled. Although their storages led to certain delays in
runoff, they can still contribute to rapid runoff in the case of longer lasting events as was the
case in 2005.

These conclusions lead to the following consequences for the application of the current model:
•

At present it seems necessary to calibrate the model for each catchment. Without calibration a
transferral to a different catchment ensues a great deal of uncertainty.

•

The model SYCOSIM can only be applied in areas where peak discharge is mainly generated
by surface runoff. Since the subsurface runoff can play a significant role in flood discharge (e.g.
Wetzel 2003), it should be integrated in the model in the future.

The catchments of Stampfangertal and Längental represent part of the wide range of catchment
types in the Alps. These differences are predominantly due to altitude. For instance, hardly any
surface runoff occurs on the unvegetated talus slopes which can be wide-spread in the alpine and
nival belt. To adequately represent these surfaces in the model, an additional module for different
rapidly drained storages should be supplemented. These surfaces must also be dealt with different-
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ly in regard to system status. Due to the coarse substrates and the barely developed soils the influence of soil moisture can be neglected in this case.
This leads to the idea of classifying catchment types according to their dominant hydrologically
relevant properties. Consequently, hydrological models can be adapted to and transferred within
these catchment types. McDonnell and Woods (2004) also emphasise that catchment classification
in the framework of hydrological research is generally an important methodological contribution.
Primary criteria for this kind of classification in the Alps would be the altitudinal belts which are
each normally characterised by a specific set of relief characteristics, substratum forms, soil types
and vegetation. If the model components are aligned with these properties then the transferability
of hydrological models in the Alps could be distinctly improved.
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Abstract
Glacial lake outburst floods (GLOFs) are potentially highly dangerous events and have contributed
to numerous disasters in history. Today, computer models are standard tools to estimate the magnitude of hazardous events in the future and to support risk mitigation. The present paper explores
the potentials and limitations of modelling for predicting the motion of potential future GLOF
events, based on examples from the Pamir (Tajikistan). Since the flow behaviour of GLOFs is in
between debris flows and floods, different model approaches come into consideration, though
none of them is perfectly suitable for GLOFs. RAMMS as a mass movement model and FLO-2D as
a river hydraulics model were employed comparatively for the same areas. The friction parameters
for RAMMS and rheologic parameters for FLO-2D were first calibrated by back-calculation with
the well-documented Dasht event from summer 2002, and then applied to other areas. However,
the applicability of such parameters to GLOFs of different volume and over a different topography
remains questionable. The results may nevertheless be a valuable input for risk mitigation efforts,
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but due to the complex nature of GLOFs and the connected uncertainties, particular care is required when interpreting the model results. The critical points and potential approaches to deal
with the limitations are discussed in the paper.

Glacial lake outburst floods (GLOFs), Modelling, Central Asia

1 Introduction
Natural dams of different size and origin do exist in mountain areas all over the world (Costa &
Schuster, 1988). They often retain lakes which, in the case of a dam failure, may drain as powerful
floods. If the outbursting lake is located within the glacial or periglacial area, such events are
called Glacial Lake Outburst Floods (GLOFs). They can evolve in different ways (Fig. 1), for example:
•

rock/ice avalanches or calving glaciers that produce flood waves in a pro-, supra- or periglacial
lake which may overtop and breach glacial or morainic dams (Tinti et al., 1999);

•

rising pro-, supra-, sub- or periglacial lake levels, leading to overflow, progressive incision or
mechanical rupture of a moraine or ice dam, as well as to retrogressive erosion of a moraine
dam;

•

enhanced ground water flow (piping) through moraines, or hydrostatic failure of ice dams
which can cause sudden outflow of accumulated water (Iturrizaga, 2005a; 2005b);

•

degradation of glacier dams or ice-cores in morainic dams leading to loss of stability and to
subsidence resulting in internal failure or progressive erosion if a certain threshold is reached.

Richardson & Reynolds (2000) provide an overview of failure mechanisms and case studies.
GLOFs often have a highly destructive potential because a large amount of water is released within a short time, with a high capacity to erode loose debris, potentially leading to a powerful flow
with a long travel distance. Peak discharges are often some magnitudes higher than in the case of
"normal" floods (Cenderelli & Wohl, 2001). The source area is usually far away from the area of
impact and events occur at very long time intervals or as singularities, so that the population at
risk is often not prepared for such events (Schneider et alii, 2004). Deficiencies in risk communication are often responsible that events evolve into disasters (Carey, 2005). A number of significant
GLOFs resulting in fatalities and severe damage have occurred during the previous decades, particularly in the Himalayas, the mountains of Central Asia, the North American mountains, New
Zealand, and the Alps. Case studies are provided e.g. by Clarke (1982); Hewitt (1982); Watanabe &
Rothacher (1996); Richardson & Reynolds (2000); Schneider et alii (2004); and Vilimek et alii
(2005). Climate change, with its impact on the glacial extent, the hydrological cycle and the condition of ice-bearing dams, may condition the occurrence of GLOFs in manifold ways and on different time scales (Evans & Clague, 1994; Dussaillant, 2009).
The present paper deals with computer modelling of the flow path of GLOFs. Using test areas in
the Pamir (Tajikistan), the general potentials and limitations of such approaches as well as the
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suitability of different model concepts are explored and discussed. Particular emphasis is put on
the capabilities of the models for the prediction of future events.

Fig. 1: Schematic representation of a glacial lake outburst flood (GLOF).

2 Background
In summer 2002, the village of Dasht (Shakhdara Valley, Pamir, Tajikistan; Fig. 2a) was hit by a
GLOF. 10 km upstream in the headwaters of the valley, a supra-glacial lake had suddenly released
an estimated volume of 250,000 m³ of water (Schneider et alii 2004). The volume of debris deposited on the cone was estimated 1.0 – 1.5 million m³, meaning that the ratio between entrained
debris and water would be 4 – 6. This is a very high value compared to the ratio of 2 – 3 suggested
by Huggel et alii (2004b). However, an even higher ratio than observed for Dasht was reported by
Breien et alii (2008) for a GLOF in Norway. Possibly, subglacial water reservoirs connected to the
superficial lake and highly saturated erodible material was involved in both events.

Fig. 2. a (left): The debris cone resulting from the GLOF in Dasht in summer 2002, covering most
of the village and damming a small lake upstream. b (right): Lake dammed by a rock glacier in the
upper Khavrazdara Valley.
It was reported that the flood wave arrived in Dasht in three stages, a phenomenon that can be
explained by temporary backwater in the canyon of the lower transitional zone due to blockage of
large boulders transported by the GLOF or by lateral slope failures followed by vigorous breakthroughs (Schneider et alii, 2004). The event destroyed a large portion of the village of Dasht,
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killed a few dozens of people, and dammed a small lake at the Shakhdara river. The event hit the
village completely unexpected, as there was no awareness of the hazard and preparedness for the
event.
Even though potentially hazardous supra-, pro- and periglacial lakes can be identified relatively
easily with remote sensing tools and field work (e.g. Kaeaeb et alii, 2005; Quincey et alii, 2007),
modelling and prediction of the motion and reach of GLOFs still remain a challenge. Like many
other GLOFs, the characteristics of the Dasht event underwent pronounced changes during the
flow, converting from normal runoff to a hyperconcentrated flow and finally to a granular debris
flow. Changes in flow behaviour imply some difficulties when using computer models to predict
the flow path and velocities of such events. Simple empirical rules for debris flows travel distances
show a large scatter among themselves and generally underestimate the travel distance of GLOFs
(Fig. 3). Corominas et alii (2003) assume an average runout angle of 21° for debris flows on unobstructed flow paths. Huggel et alii (2003), employing the Modified Single Flow direction model
MSF, used an angle of 11° proposed by Haeberli (1983) as a minimum for observed granular debris
flows. However, in the case of the Dasht event, both values underestimate the maximum travel
distance of the debris flow which reached a runout angle as low as 9.3°. The debris flow actually
did not stop before reaching the main valley. Rickenmann (1999) suggested the following empirical relationship for the travel distance of debris flows:

L = 1.9V 0.16 Z 0.83

Eq. 1,

where L is the travel distance of the flow, V is the involved volume, and Z is the loss of elevation.
Using the release volume of 250,000 m3 in Eq. 1, the Dasht travel distance is again strongly underestimated, while the estimated deposition volume of 1.5 million m3 leads to a travel distance closer
to the observation.
However, it is not the ‘fault’ of these empirical models not to fully capture the Dasht event, but
rather a conceptual problem related to the characteristics of the event: The GLOF – as many others – was not a classical debris flow, it was characterized by several flow transformations (hyperconcentrated to debris flow and back).
Semi-deterministic approaches, using a friction model (e.g. Perla et alii, 1980 for snow avalanches)
in combination with random walk routing techniques go one step further than strictly empirical
models and are often applied in combination with GIS (e.g. Gamma, 2000; Wichmann, 2006:
Mergili et alii, 2008). They can be used for back-calculating GLOFs and other types of mass flows,
but are only partly suitable for prediction purposes. Reliable physically based dynamic models are
therefore required when trying to predict the motion of potential future mass flows (Hungr et alii
2005).
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Fig. 3: Empirical approaches developed for the reach of debris flows and the observed travel path
of the Dasht 2002 event.
Several physically based model approaches and software packages are potentially suitable for
GLOF runout modelling, some of which were developed within the mass movement research
community, others within the river hydraulics community.
Many mass movement models go back to the Voellmy (1955) approach and were developed for
snow avalanches, but are also applicable to other types of mass movements. A remaining problem
is the entrainment of material that is an important characteristic of GLOFs (Breien et alii, 2008;
Xu, 1988). Some models include entrainment modules, but rather on an empirical-statistical than
on a physical base. Breien et alii (2008) emphasize the lack of appropriate data and knowledge on
entrainment issues.
River hydraulics models commonly use flood routing algorithms based on volume conservation
and a roughness parameter (usually Manning's n) for estimating the extent and the depth of river
flow and flooding events. Most of the widely used software packages (e.g. FLO-2D, HecRAS) include modules for sediment transport, hyperconcentrated flows, and debris and mud flows. In
contrast to mass movement models, they require input hydrographs. Therefore, they allow accounting more detailed for the onset mechanism, which plays a crucial role for the flow propagation and the magnitude of the resulting flood wave (Walder & Costa 1996). This type of model is
particularly better suited for modelling the initial stage and flow path section of the event that
depends more strongly on the input hydrograph. Bertolo & Wieczorek (2005) compare models
following different concepts for the same set of debris flows. For an appropriate modelling of the
motion of GLOFs, a combination of mass movement and river hydraulics models is suggested.

3 Objectives
The general objective of the study presented was to elaborate a way to estimate the travel distance
and travel times of potential future GLOFs by comparing the results of two different models for
mass flows. Each of them partially represents certain characteristics of GLOFs but cannot fully
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reproduce the flow behaviour. The results and the model settings and parameters suitable for
GLOFs, but also the needs for further research and model development are highlighted, using examples from the Pamir (Tajikistan).
The paper concentrates on the movement of the flood wave itself, the breaching process of the
dam is not considered. For the onset of the GLOF process, scenarios for the outburst volume and
hydrograph, as well as for the finally deposited volume (including entrained debris) were elaborated. The scenarios are based on the lake volume, the dam characteristics, and the susceptibility
to rock and ice avalanches into the lake.

4 Study areas and data
The modelling was performed for five study areas in Tajikistan (one for back-calculation, four for
prediction; Fig. 4). All areas are located in the Pamir, a heavily glaciated high mountain area culminating in 7,495 m a.s.l. The lakes used in the case studies are distributed between 3,800 m and
4,800 m a.s.l.

Fig. 4: Map of Tajikistan with the five selected areas for modelling.
The results for Khavrazdara, a Northern tributary of the Bartang Valley, will be discussed in detail
below. 20 km upstream from the valley outlet, the tongue of a rock glacier dams a lake with a surface of 2 km², approximately, and an estimated volume of 40 million m³ (Fig. 2b). In the case of a
climate-change-induced degradation of the rock glacier tongue, a breach of the dam followed by a
flood wave down the valley is possible.
The following information was compiled for Khavrazdara as well as for all the other case studies:
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•

DEMs of different resolution were prepared for the investigation areas in order to allow the
determination of the effect of resolution. SRTM-4 (90 m) was used as well as 10 m and 20 m
DEMs derived from CORONA imagery and 5 m DEMs derived from WorldView1 imagery.

•

Susceptible glacial lakes were identified using analysis of multitemporal satellite imagery, helicopter surveys, and field investigations. The surface of the relevant lakes was computed using
ASTER imagery and the lake volumes were estimated.

•

The peak discharges of potential outburst events were estimated from empirical rules (Evans
1986; Costa, 1988; Costa & Schuster, 1988; Manville, 2001; Huggel et alii, 2004a). Scenarios of
outburst hydrographs were then created, based on the estimated peak discharge and the lake
volume.

•

The characteristics of the flow path and the area of deposition were mapped from satellite
imagery, from the helicopter, and in the field (morphology of the valley, type of surface material, indicators for former outburst flood events).

5 Methods
The first model used is the physically based mass movement model RAMMS (Rapid Mass Movements), developed at the WSL Institute for Snow and Avalanche Research SLF Davos, Switzerland
(see Christen et alii, 2010a, 2010b for a more detailed description and for case studies). The frictional resistance S is based on the Voellmy (1955) model that combines dry Coulomb friction μ
with a velocity-squared dependent turbulent friction ξ.

S = µHg cos ϕ +

gU 2

ξ

Eq. 2,

where g is the gravitational acceleration, H is the flow depth, φ the slope angle, and U is the
depth-averaged flow velocity. The maximum velocity Umax is defined by Voellmy (1955) as:

U max = ξH (sin ϕ − µ cos ϕ )

Eq. 3.

If μ equals zero, Eq. 3 can be further transformed into the Chézy equation. Therefore, by applying
low μ-values, an approximation to turbulent clear water open channel flow can be established.
RAMMS was originally designed to predict the maximum travel distance and velocity of snow
avalanches. Calibrated parameters are available for this type of process. They are only valid for the
front of the avalanche, so that the deposition geometry cannot be predicted in a straightforward
way (Christen et alii, 2010a). The model is able to compute entrainment of material by the flow,
governed by an empirically determined scaling factor and an entrainment law. RAMMS has recently been used for modelling other types of mass movements. Schneider et alii (accepted) successfully used it for the back-calculation of large rock-ice avalanches and Preuth et alii (in press)
simulated various large rock avalanches in the European Alps. It has further been used for the

198 Appendix A5 – GLOF Modelling

simulation of debris flows in Switzerland (Naef et alii, 2006; Rickenmann et alii, 2006; Armento
et alii, 2008) but not yet for modelling GLOFs.
The second model – FLO-2D – was developed by J. O'Brien (e.g. O'Brien et alii, 1993; O'Brien,
2001). It is a volume conserving model for flow routing of clear water floods, hyperconcentrated
flows, or debris flows over floodplains or through confined channels. Topography, input hydrograph, and resistance to flow determine the flow behaviour. Case studies are provided e.g. by
Huebl & Steinwendtner (2001) or Bertolo & Wieczorek (2005). For clear water flow, the governing equations are

∂h ∂hU
=i
+
∂x
∂t

Sf =α −

∂h U ∂U 1 ∂U
−
−
∂x g ∂x g ∂t

Eq. 4,

Eq. 5,

where h is the flow depth, U is the depth-averaged flow velocity in one flow direction x, i is rainfall intensity, Sf is the friction slope component (based on Manning's Equation), and α is the bed
slope.
Both programs – RAMMS and FLO-2D – need a DEM as input. RAMMS further requires the spatial distribution and depth of the release volume, the coefficients and possible areas for entrainment, and the friction parameters μ and ξ. FLO-2D needs an input hydrograph and values of
Manning's n. When using FLO-2D for debris flow modelling the rheologic flow parameters viscosity and yield stress must be specified.
The following work flow was applied for the modelling:
4. Back-calculation of a well-documented recent GLOF: the Dasht event from summer 2002
was used to test the models and to find suitable parameter values. Travel distance, the spatial distribution of the deposit, and the travel time from the start to the deposit were used
as reference for the calibration;
5. Scenarios of possible future outburst events of selected lakes (see Table 1 for an example)
were elaborated. Outburst volumes, peak discharges, and flow rheologies were varied
among the different scenarios. The friction parameters of RAMMS with the best fit for
Dasht were taken as a reference, but adapted according to the outburst volumes and water
content so that the worst case scenario reached the former debris flow fan of the main valley (compare Discussion and Conclusions).
6. The scenarios were run with RAMMS and FLO-2D. The resolution of the DEM and the
computation were varied in order to estimate the influence of this setting on the model results.
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6 Results
6.1 Back-calculation for Dasht
First, the Dasht (2002) event was back-calculated using RAMMS (Fig. 5). The purpose was to calibrate the model for this type of event and to find suitable values for the friction parameters μ and

ξ. The model was run on the CORONA DEM (10 m), and on the SRTM-4 DEM (90 m) with a calculation resolution of 20 m in order to figure out the influence of different levels of smoothing of
the terrain. Friction parameters of μ = 0.14 and ξ = 1,300 proved to be the best guess for reconstructing the event, though it was necessary to assume lower values of μ (0.01) and higher values
of ξ (2,000) in the flat starting area (representing the lake surface) in order to initiate the movement. The velocities and the extent of spreading in the area of deposit were larger when using the
SRTM DEM (smoother terrain). The simulated travel time from the onset of the flow to the village
was 55 minutes with the SRTM DEM and 76 minutes with the CORONA DEM. These values correspond reasonably with local reports concerning the time difference between the acoustic detection of the GLOF and its arrival at the village.

Fig. 5: Back-calculation of the Dasht 2002 event using RAMMS.
As the GLOF event in Dasht propagated as a debris flow, this case study was used to define the
rheologic parameters for debris flow modelling in FLO-2D. It was found that values for viscosity η
= 279 poises and yield stress τ = 798 dynes/cm2 represented best the debris flow in Dasht. Consequently these values were also used in the scenario modelling. FLO-2D was run on the CORONA
DEM only. The simulated travel time, flow heights and extent matched well with the field observations.
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6.2 Khavrazdara
Different scenarios for lake outburst floods were then computed for Khavrazdara, Varshedzdara,
Upper Rivakdara, and Rivakkul (see Fig. 4). The modelling results for Khavrazdara (see Fig. 2b) are
discussed in detail.

Fig. 6: Maximum flow depth computed with FLO-2D and RAMMS for different lake outburst
scenarios of Khavrazdara.
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The scenarios defined for an outburst flood in Khavrazdara are shown in Table 1. A cell size of
20 m was used for the RAMMS simulations and 40 m for the FLO-2D simulations, respectively.
Whilst the GLOFs simulated with FLO-2D reached the outlet of the valley, the RAMMS simulations indicated a stop of the flow in the middle portion of the valley when using the friction parameters calibrated with the Dasht event. It was then tested how much the friction would have to
be reduced to allow the flow to reach the valley outlet and to cover the debris cone there. Friction
values of μ = 0.04 and ξ = 1,000 were found to be suitable. Decreased μ-values of μ = 0.03 were
used to account for the lower sediment concentration expected in the upper section (before entrainment takes place), whilst increased values of μ = 0.05 were applied to account for the higher
sediment concentration expected in the lower section. ξ–values were held constant for the entire
flow path. The spatial distribution of the maximum flow height simulated with RAMMS and FLO2D for selected scenarios is illustrated in Fig. 6.
Table 1: Modelling of a potential GLOF from the large lake in the upper Khavrazdara: Scenarios,
involved volumes, maximum discharge, and travel times to the village of Pasor (outlet of the valley). Hflw = Hyperconcentrated flow, Dflw = Debris flow, C = CORONA DEM , S = SRTM-4
DEM, N/A = Not applicable.
Scenario

Starting
volume

Deposition
volume

Maximum
discharge

15

19

2500

106 m³

106 m³

Travel
time

m³/s

minutes

4000

210

FLO-2D (all simulations on CORONA DEM)

1a Hflw

1b Dflw
2a Hflw

2b Dflw
3a Hflw

3b Dflw
4a Hflw

4b Dflw
1C
1S

2C
2S

15
15
15
30
30
30
30
15
15
30
30

23
20

10000

47

4000

25
38

16000

16000

90

45

N/A

45
90
90

90

255

10000

RAMMS

72

2500

38
48

210

N/A
N/A
N/A

270
90
99
73
70
48

With FLO-2D all scenarios were modelled as a hyperconcentrated flow with a volumetric sediment concentration of 20% on the one hand, and as a debris flow with volumetric sediment concentrations up to 50% on the other hand. Applying a range of different flow rheologies is a strategy to deal with the uncertainty regarding the flow type produced by the released water from a
lake. The amount of water is the same in both flow types, but the debris flow is bulked with much
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more material. This is why its total flow volume and peak discharge are higher than for hyperconcentrated flows of the same outburst scenario. As the peak discharge has the highest influence on
calculated maximum flow depths, and the higher viscosity results in lower flow velocities, inundation depths are higher when modelling the GLOF as a debris flow.
According to the simulation, the flow would reach the village of Pasor at the outlet of the valley
between 48 minutes and 4.5 hours after the onset, depending on the scenario (see Table 1; average
velocity between 1 and 6 m/s, respectively). This wide range shows the uncertainties connected to
the scenarios, topographic data and parameters used. The maximum velocity ranges around 10 m/s
over most of the valley, with much higher values yielded in the upper portion, particularly by
RAMMS. The influence of the DEM resolution on the model results is considerable: finer DEM
resolutions generally lead to a rougher surface which significantly reduces the flow velocity and
hence the reach of the debris flow (see also Christen et alii, 2010a). The smoother the original
terrain is, the less this effect is observed.

7 Discussion and conclusions
The present study illustrates that modelling of GLOFs remains a challenge. Each case study area
has its individual characteristics and the results provided by different model approaches sometimes diverged considerably. These differences are not surprising as the two models follow disparate concepts, each requiring a specific definition of the initial conditions (sudden release of mass
vs. discharge curve). In order to homogenize the results and to account for the generally larger
amount of water, the friction parameters used in RAMMS had to be reduced considerably in comparison to those used for the Dasht event. This is of very high importance when the results are
interpreted or shown to local authorities. However, adapting the friction parameters individually
for each study area in a way that the simulated flow reaches the area of interest (often the valley
outlet) provides useful information in two ways:
•

A comparison of the assumed friction parameter values with those derived from the backcalculation of documented events allows an assessment of how realistic the assumed parameters are, and therefore the likelihood of the flow to reach the outlet of the respective tributary
valley. Table 2 shows the friction parameters used in the RAMMS calculation, based on the assumption that the flow would reach the outlet of the respective valley.

•

Approximate travel times to the outlet can be derived, given that the assumed parameters are
considered as realistic.

A special characteristic of the RAMMS model is the sudden release of the start volume (mass), that
well represents a sudden mechanical failure of a lake dam or the overtopping of a large impact
wave. However, this is not always the way how GLOFs are triggered and may therefore lead to
exaggerated flow heights and widths in the upper flow section. In contrast, the ability to erode
material from the ground is an important feature of RAMMS because it accounts for the often
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observed fact that start and end volumes differ significantly (Berti et alii, 1999, Breien et alii,
2008).
In general, RAMMS predicts higher values of flow depth in the uppermost section of the flow path
than FLO-2D. This is due to the sudden release of the mass (see above). FLO-2D makes use of an
input hydrograph that distributes the release volume over a given time period, leading to lower
flow depths for given total volumes. This can better reproduce a dam failure due to progressive
incision.
RAMMS predicts the stop of the flow and the deposition of the mass on the debris cone whilst
FLO-2D tends to predict a continuation of the flow along the stream path of the main valley. The
potential impact areas derived with RAMMS are therefore smaller and the inundation depths are
larger than those calculated with FLO-2D.
Partially good correspondence is found in the flow durations to the outlet of the valley. Table 1
shows that the range of the flow durations calculated with RAMMS are similar to those derived
from the FLO-2D calculations, at least regarding the – more critical – lower boundary. This is remarkable because they are computed completely independently (the adaptation of μ and ξ is a
purely frictional issue).
Table 2: Involved volumes, valley characteristics, and friction parameters chosen for the RAMMS
simulation. L = Length of valley; ΔZ = Loss of elevation; φavg = average inclination. a start volume b
end volume * 1st section of flow path (upper) ** 2nd section of flow path (middle) *** 3rd section of
flow path (lower)
Area

Dasht

Khavrazdara
Varshedzdara
Lower Lake
Varshedzdara
Upper Lake

Upper Rivakdara
Rivakkul

Volume
106

m³

L
m

ΔZ

φavg

m

degree

0.25a, 1.50b

11,000

1,800

0.5 – 1a, 1.5 – 3b

11,500

1,350

6.7

0.37 – 0.73a,
0.82 – 1.6b

4,800

700

8.3

26,000

1,300

2.9

15 – 30a, 45 –
90b

2 – 5a, 6 – 15b

9.4 – 23.3a, 31.6
– 58.5b

19,000

13,500

1,050

1,650

9.8
3.2

7.0

μ

ξ

0.14

1,300

0.09

1,350

0.03*,
0.04**,
0.05***

1,000

0.08*,
0.10**,
0.12***

1,500*,
1,250**,
1,000***

0.03

1200

0.08*,
0.09**,
0.10***

1,500*,
1,350**,
1,200***
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One has to conclude that, considering all relevant aspects, the simulation of the motion of potential future GLOFs remains a big challenge. Problems are in particular:
•

The knowledge about the onset of the process is often limited (properties of dam, type of dam
breach, understanding of process chains and interactions).

•

The volume of water involved in the outburst flood is unclear. The lake bathymetry is often
unknown and may change rapidly, whilst the ratio of water actually bursting out has to be estimated. Furthermore many lakes burst out within a short time after their development without being detected as potential source of hazard (Narama et alii, 2010). Continuous monitoring
is required to keep updated on the existing hazards.

•

Uncertainties related to erosion and deposition are a big unresolved issue. Erosion of the dam
and the bed as well as concomitant deposition can strongly change the rheology and the moving volume of the flow. These changes have a direct impact on the spreading and reach.

•

The flow transformation processes of the natural phenomena are a challenge for the models
(and in general for any assessment). Software developed by the hydrological community is
specialized to simulate floods or hyperconcentrated flows with input hydrographs on moderately steep flow channels and with lower sediment loads. In contrast to this, programs for rapid mass movements are better suited for steeper slopes and sudden failure of the initial volume.
The typical characteristics of GLOFs are in between and vary for different channel sections.
Sediment transport models properly computing erosion and deposition are rather designed for
less steep slopes, so that they are hardly applicable to GLOFs. Furthermore, the outburst scenario is very critical.

Flood dynamics are quite well understood and model results can therefore be considered as confident. In contrast, debris flow modelling is a based on empirical components and the results are
therefore more inaccurate compared to modelling pure water or hyperconcentrated flows.
Nevertheless it is important not to model only the outburst scenarios as hyperconcentrated flows,
but also as debris flows. With such a modelling strategy a range of expectable flow rheologies can
be covered. This increases the robustness of the results and does not pretend a wrong accuracy.
Existing programs also largely fail to simulate process interactions and transformations such as the
development of a hyperconcentrated flow into a debris flow, the effects of multiple flood waves
(including the modified topography after the first wave), or the effects of short-term storage of
water and debris by self-induced blockage of the valley.
Considering all these points, it has to be concluded that up to now, no well suitable modelling
approaches do exist for GLOFs, as these represent highly variable phenomena and often exhibit a
behaviour in between debris flows and floods. However, applying a combination of different model approaches, as attempted in the study presented, helps to estimate realistic process magnitudes,
areas of impact, maximum velocities, and travel times. As a general conclusion for any kind of
modelling effort, a responsible interpretation of the results and a controlled knowledge transfer to
local authorithies is crucial.
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Abstract
This paper presents an analysis of the hazards emanating from the sudden drainage of alpine lakes
in the South-Western Tajik Pamir. In the last 40 years, several new lakes have formed in the front
of retreating glacier tongues, and existing lakes have grown. Other lakes are dammed by landslide
deposits or older moraines. In 2002, sudden drainage of a glacial lake in the area has triggered a
catastrophic debris flow. Building on existing approaches, a rating scheme was devised allowing a
quick regional-scale identification of potentially hazardous lakes and possible impact areas. This
approach relies on GIS, remote sensing and empirical modelling, largely based on mediumresolution international datasets. Out of the 428 lakes mapped in the area, 6 were rated very hazardous and 34 hazardous. This classification was used for the selection of lakes requiring in-depth
investigation. Selected cases are presented and discussed in order to understand the potentials and
limitations of the approach used. Such an understanding is essential for an appropriate application
of the methodology for risk mitigation purposes.
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1 Introduction
Natural dams of different size and origin exist in mountain areas all over the world (Costa and
Schuster, 1988). They often retain lakes which, in the case of a dam failure, may drain as powerful
floods. If the failed dam is a glacier or a feature of a glacially shaped landscape, such events are
called Glacial Lake Outburst Floods (GLOFs). Sudden drainage of glacial lakes has been reported
from the Himalayas, the mountains of Central Asia, the North American mountains, the South
American Andes, New Zealand and the Alps. (e.g. Clarke, 1982; Hewitt, 1982; Haeberli, 1983;
Watanabe and Rothacher, 1996; Richardson and Reynolds, 2000; Vilímek et al., 2005; Narama et al., 2010). Climate change, with its impact on the glacial extent, the hydrological cycle and
the condition of ice-bearing dams, may condition the occurrence of GLOFs in manifold ways and
on different time scales (Evans and Clague, 1994; IPCC, 2007; Dussaillant, 2009; Haeberli et al.,
2010a).
But also other types of lakes – particularly such dammed by landslide deposits – may be subjected
to sudden drainage (Mergili and Schneider, 2010). Lake outburst floods (referred to as LOFs in the
present paper, including both glacial and non-glacial lakes) often have a highly destructive potential. A large amount of water is released within a short time, with a high capacity to erode loose
debris, potentially leading to a powerful flow with a long travel distance. Peak discharges are often
some magnitudes higher than in the case of "normal" floods (Cenderelli and Wohl, 2001).
LOFs can evolve in different ways, possible causes are:
1. landslides, rock/ice avalanches or calving glaciers that produce flood waves in a pro- or supra-glacial lake which may overtop and possibly breach glacial, morainic or landslide dams
(Tinti et al., 1999);
2. rising lake levels, leading to progressive incision and destabilization of a dam;
3. hydrostatic failure of ice dams or enhanced ground water flow (piping), which can cause
sudden outflow of accumulated water (Iturrizaga, 2005a, b);
4. degradation of glacier dams or ice cores in morainic dams leading to loss of stability and to
subsidence resulting in internal failure or progressive erosion if a certain threshold is
reached.
Richardson and Reynolds (2000) and Haeberli et al. (2010a) provide overviews of conditioning and
triggering factors of lake outburst floods, dam failure mechanisms and process interactions as well
as case studies.
Even though lakes can be identified relatively easily with remote sensing tools and field work (e.g.
Huggel et al., 2004b; Kääb et al., 2005; Quincey et al., 2007), the selection of potentially hazardous
lakes, the prediction of outburst floods and modelling of the motion and reach of specific LOFs
still remain a challenge (Kargel et al., 2010; Mergili et al., accepted). Changes in flow behaviour
(e.g. from clear water flow to hyperconcentrated flow and debris flow or reverse) imply some difficulties when using computer models to predict LOF velocities and travel distances.
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This paper presents a lake outburst susceptibility and hazard analysis for a selected area of the
South-Western Pamir, focusing on the regional scale: GIS and Remote Sensing approaches are
applied, allowing a quick identification of potentially hazardous lakes and possible impact areas
over a large area. The results of such a study facilitate the selection of sites requiring more detailed
studies and serve as a baseline for risk mitigation strategies in the region. It is attempted to push
the methodology for this type of analysis forward, building on existing approaches (e.g. Reynolds,
2003; Huggel et al., 2004a).

2 Study area
The study presented covers the Gunt and Shakhdara valleys in the South-Western Tajik Pamir
(Fig. 1). It covers a total surface area of 8,430 km². The Gunt River originates in the highlands of
the Eastern Pamir and joins the Panj River near the town of Khorog (2075 m a.s.l.). The Shakhdara
Valley is a Southern tributary of the Gunt Valley with the confluence just upstream from Khorog.
From North to South, the valleys are separated by the Rushan Range (culminating at 6068 m a.s.l.),
the Shugnan Range (5708 m) and the Shakhdara Range (6723 m), all stretching in an East-West
direction. The North-South stretching Ishkashim Range (6095 m) follows directly North-West of
the Shakhdara Range. In terms of geology, gneisses dominate the area, with remnants of a former
sedimentary cover particularly in the Northern portion. The area is seismically active with frequent earthquakes (e.g. Babaev and Mirzoev, 1976).
The area covers the districts of Shugnan (Gunt Valley) and Roshtkala (Shakhdara Valley) under
the Gorno-Badakhshan Autonomous Oblast of the Republic of Tajikistan with the regional centre
of Khorog. Except for Khorog, the population largely depends on agriculture and pastoralism. Industry, services, and tourism are poorly developed. The permanent settlements concentrate close
to the valley bottom and depend on irrigation with melt water. Transhumance to distant summer
pastures in the upper valleys is common (Kassam, 2009).
The climate is semi-arid to arid, with an annual mean precipitation of 288 mm. Most of it occurs
during winter and spring. The average annual air temperature is 9.2 °C (Khorog; 1970 – 2008).
High-altitude meteorological data is missing. The major mountain ranges are glacierized, but most
of the glaciers are in a stage of retreat. Many glacier tongues are covered by debris, so that it is
hard to delineate their extent from satellite imagery or superficial field surveys.
Whilst many glaciers in the Northern Pamir have shown a variable behaviour during the previous
decades (Mergili et al., submitted) or surge at certain intervals (e.g. Kotlyakov et al., 2008), the
glaciers in the South-Western Pamir have been shrinking for several decades. Numerous lakes
have formed in the front or on the top of retreating glacier tongues, and several more are retained
by holocene landslide or moraine dams and in depressions within the glacially shaped terrain.
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Fig. 1. The study area.
Altogether, 428 lakes were identified in the study area (including only those with a surface area
≥ 2500 m²). The majority of the lakes is found in the direct forefield of the recent glaciers and on
the undulating highlands shaped by Pleistocenic glaciers. 90 per cent of all lakes are located between 4200 – 4900 m a.s.l. Some of the larger lakes, however, dammed by holocene landslides
and/or terminal moraines from the Pleistocene, are located at lower elevation (e.g. Rivakkul, Durumkul, Zardivkul). No lakes at all were identified below 3341 m a.s.l.

3 The Dasht 2002 event
On August 7, 2002, the village of Dasht (Shakhdara Valley) was hit by a GLOF. 10.5 km upstream
in the headwaters of the valley, a lake with a surface of 37,000 m², located on the decaying tongue
of a debris-covered glacier, had suddenly released an estimated volume of 320,000 m³ of water.
Multitemporal analysis of Landsat imagery showed that the lake had existed for less than two
years prior to drainage (Mergili et al., submitted). The outburst occurred beneath the glacier surface. The most likely interpretation of the observed features is that a drainage channel within the
glacier was suddenly blocked at the end of 2000 or in the beginning of 2001, allowing the devel-
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opment of the lake. With increasing lake size and therefore pressure, the blockage failed and the
lake drained suddenly.
The volume of debris deposited on the cone was estimated 1.0 – 1.5 million m³, meaning that the
ratio between entrained debris and water would be 3 – 5. This is a very high value compared to
the ratio of 2 – 3 suggested by Huggel et al. (2004b). However, an even higher ratio than observed
for Dasht was reported by Breien et al. (2008) for a GLOF in Norway. Possibly, subglacial water
reservoirs connected to the superficial lake were involved in both events.
These figures show that the characteristics of the Dasht event underwent pronounced changes
during the flow, converting from clear water runoff to a hyperconcentrated flow and finally to a
granular debris flow. The event destroyed a large portion of the village of Dasht, killed dozens of
people and dammed the Shakhdara river. It was reported that the flood wave arrived at Dasht in
three stages, a phenomenon that can be explained by temporary backwater in the canyon of the
lower transitional zone due to blockage of large boulders transported by the GLOF or by lateral
slope failures followed by vigorous breakthroughs (Schneider et al., 2004). According to local people from the village of Baroj on the opposite side of the valley, the travel time from the onset of
the process to Dasht was at least 45 minutes.
The Dasht event was the only major GLOF reported from the Pamir in the past decades. However,
several events are known from the Tien Shan, most recently the outbursts of the Archa-Bashy
glacier lake in 1998 and of the western Zyndan glacier lake in 2008 (Narama et al., 2010).

4 Lake inventory preparation
The study relies primarily on remotely sensed data. In order to obtain a multi-temporal coverage
of the entire study area, the following sets of satellite images were collected:
1. declassified Corona images (1968; pixel size <5 m)
2. Landsat ETM+ images (2000 – 2003; pixel size 15 m pan-sharpened)
3. ASTER images (2000 – 2009; pixel size: 15 m)
In addition, the SRTM-4 digital elevation model (Jarvis et al., 2008; approx. 90 m pixel size) was
used. Despite its coarser resolution, it appeared to better represent the real terrain than ASTER
DEMs, a finding in line with Kääb et al. (2005).
All lakes in the area were mapped for three time windows: 1968 (Corona imagery), 2001/02 (ASTER and pan-sharpened Landsat ETM+ imagery), and 2007/08 (ASTER imagery). Except for 1968,
it was not possible to cover the entire area with cloud- and snow-free scenes from one single year,
let alone day. Verification and the collection of additional information for each lake was supported
by high-resolution Google Earth scenes.
Dam material, type of drainage and the presence of glaciers calving into the lake were recorded for
each lake. Seepage through the dam was assumed for all lakes without a clearly recognizable surface drainage. Even though combinations and temporal changes of both types of lake drainage are
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common, a detailed analysis of this phenomenon is hardly applicable at the regional scale. Lake
area A (m²) was derived and the freeboard F (m) was computed as difference between the DEM
with filled sinks and the elevation of the lake (value of original DEM for the lake centroid). Table 1 summarizes the key parameters assigned to each mapped lake. All lakes with A < 2500 m² in
2007/08 were excluded from the further analysis.
Regression functions relating lake volume to lake area were suggested e.g. by O'Connor et al.
(2001) and Huggel et al. (2002), and used by Allen et al. (2009). However, computing lake volume
directly from lake area is problematic. The area is immanent to the volume and autocorrelation
effects reduce the large scatter in the relation of measured area and depth and lead to an overestimation of the information quality (Huggel et al., 2002). Therefore, average lake depth was first
derived from lake area using an empirical relationship developed by Huggel et al. (2002):

D = 1.04 ⋅10 −1 A 0.42

(1)

In a next step, lake volume V (m³) was derived from lake area and average lake depth:

V = D ⋅ A = 1.04 ⋅ 10 −1 A1.42

(2)

Lake area development was expressed as the lake area in 1968 resp. 2001/02, related to the area in
2007/08:

rA1 =

A1968
A2007 / 08

(3)

rA 2 =

A2001 / 02
A2007 / 08

(4)

Values below 1 indicate a growth, values above 1 a shrinkage of the lake. Values of 0 mean that
the lake did not yet exist in 1968 resp. 2001/02. Lakes existing in 1968 and/or 2001/02, but not in
2007/08, were disregarded in the analysis.
As lake outburst floods are often related to major earthquakes, a surrogate for the seismic hazard
was introduced: the maximum possible Peak Ground Acceleration PGAmax (cm/s²) was considered
useful for this purpose. It was derived from a published map of active faults of Tajikistan (Babaev et al., 1984) and empirical relationships relating PGAmax to the maximum earthquake magnitude assigned to the fault and the distance to the fault axis (Abdrakhmatov et al., 2003).

5 Hazard analysis
5.1 Work flow
The hazard analysis procedure applied to the regional scale is illustrated in Fig. 2. It aims at the
identification of potentially hazardous lakes and possible impact areas of LOFs as a baseline for indetail studies and risk mitigation procedures. The concept includes the hazard
1. of each lake to produce an outburst flood (lake outburst hazard H);
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2. of each pixel to be affected by an outburst flood from a certain lake (impact hazard HI).
The general difficulty of establishing frequencies for rare or singular events like lake outburst
floods in combination with sparse historical data in the study area made a strictly quantitative
approach inapplicable. The concept of susceptibility – understood as the tendency of a lake to produce an outburst flood resp. the tendency of an outburst flood to reach a certain area or pixel – is
used instead. It is combined with the maximum possible magnitude in order to derive a measure
for the hazard. The developed and employed system of scoring and rating partly refers to work
done by Reynolds (2003) and Huggel et al. (2004a) and is explained in the following sections.
The entire work flow is realized as a system of a shell and a C script making use of GRASS GIS,
which is an Open Source Geographic Information Software, for the spatial analysis components.
The major spatial modelling tasks include the topographic Susceptibility Index TSI (see next section), the dam geometry and the area of impact. The DEM, a raster map with a unique ID for each
lake, and a text file with the parameters listed in Table 1 for each lake are used as input. The output consists of a table with the lake outburst susceptibility and hazard ratings for each lake as well
as raster maps with lake-specific impact susceptibility and hazard ratings for each pixel.

Fig. 2. Work flow of the regional-scale hazard analysis.
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Table 1. Parameters used as input for the regional-scale lake outburst hazard analysis (see Fig. 2).
Parameter

Lake drainage
Dam type

Possible calving into lake

Shortcut Unit

boolean

Elevation a.s.l.

z

Average lake depth

D

Lake area development
1968 – 2007/08

rA1

Maximum Peak Ground
Acceleration

PGAmax

Freeboard

F

Lake area

A

Lake volume

V

Lake area development
2001/02 – 2007/08

rA2

nominal
boolean

Source

Qualitative interpretation of satellite imagery (ASTER, WorldView, GoogleEarth)

m

Computed from lake centroid and DEM

m

Empirical relationship with lake area
(Eq. 1)

m

m²
m³

ratio
m/s²

Derived from mapped lakes

Derivation from lake area and average lake
depth (Eq. 2)
Comparison of lake areas derived by multitemporal analysis of satellite imagery

Map of active faults and published relationships (Babaev and Mirzoev, 1984;
Abdrakhmatov et al., 2003)

The procedure is applied with a pixel size of 60 m. The results are verified by testing the output of
the entire procedure against the information available for the Dasht 2002 event and by in-depth
investigations of selected cases. For this purpose, several helicopter and field missions were carried
out in 2003 and 2009 in order to ensure a close and up-to-date survey of the lakes and valleys of
interest.

5.2 Lake outburst susceptibility and hazard
5.2.1 Susceptibility to lake outburst triggered by external forces
The susceptibility to each lake to produce an outburst flood triggered by any kind of mass movement interfering with the lake or by an earthquake is investigated. The event at Laguna 513 in the
Cordillera Blanca (Perú; Haeberli et al., 2010b), where an ice avalanche from far upslope caused a
destructive flood wave on April 11, 2010, has shown the need to include the entire catchment in
such an analysis, and not only the portion directly adjacent to the lake. The topographic susceptibility index TSI is introduced in order to account for this need: each pixel within the catchment of
the lake is assigned to one of 25 predefined classes, based on the local slope and the average slope
of the steepest path to the lake. Depending on the class, a topographic susceptibility rating TSR
(with possible values 0 – 10) is assigned to the pixel, describing the tendency of the lake to be affected by a mass movement originating from the respective pixel. The rating builds on a combination of classes of local slope for the onset and of the average slope of the potential flow path between onset area and lake for the motion of mass movements, following thresholds given e.g. by
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Corominas et al. (2003). In order to derive TSI for the entire catchment, the sum of the TSRs for
each class is weighted by the surface area assigned to the respective class (possible weights: 1 – 4).
The weighted indices for each class are then summed up. The resulting maximum possible TSI is
212. This concept does not account for the local geological conditions, but provides a valuable
estimate where impacts are basically possible and where they are not.

TSI is the base for the rating of the susceptibility to lake outburst triggered by external forces Sext
(Table 2). The possibility of ice calving into the lake is accounted for by increasing Sext by 1 for
lakes with directly adjacent glaciers.
Regarding the probability of triggering events, too little high-altitude meteo data are available to
be included in the rating. The Maximum Peak Ground Acceleration PGAmax is used to account for
the seismic hazard. PGA thresholds for the triggering of mass movements in different areas show a
large scatter. The values of 0.5 – 2 m/s² found out by Wang et al. (2010) for the Wenchuan 2008
earthquake relate to the extremely landslide-prone slopes of that area and are not applicable to the
South-Western Pamir. Murphy et al. (2002) suggested thresholds between 4.5 and 20.4 m/s² for
the rocky slopes of the Tachia Valley in Taiwan. Holding to these findings, Sext is increased by 1
for PGAmax ≥ 5 m/s².
The freeboard F (m) is computed from the DEM. For lakes with F ≥ 25 m, the rating is decreased
by 1 in order to derive the final rating (see Table 2). Therefore, Sext could take values between 0
and 4 (negative values are considered as 0).
Table 2. Rating scheme for susceptibility to outburst triggered by external forces Sext. Initial values
of Sext are determined from the topographic susceptibility index. These values are then increased or
decreased according to the possibility of calving, seismic hazard and freeboard.
Criterion

Topographic susceptibility index
Calving into lake
Seismic hazard
Freeboard

Class

Definition

3 High

TSI ≥ 40

1 Low

2 Medium

1 No calving possible
2 Calving possible
1 Low

2 High
1 High
2 Low

Sext

TSI < 10

0

mapped

±0

PGAmax < 500 cm/s²

±0

TSI ≥ 10 – < 40

mapped

PGAmax ≥ 500 cm/s²
F > 25 m
F ≤ 25 m

1
2

+1
+1
-1

±0

5.2.2 Susceptibility to lake outburst triggered by internal forces
As directly measured quantitative data is not applicable at the regional scale, a qualitative rating
for the Susceptibility to lake outburst by internal forces (dam failure) Sint has to be introduced,
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building on the following key parameters: (1) dam material; (2) lake drainage, (3) lake area development, and (4) dam geometry. Table 3 shows the applied rating scheme.
Dams with seepage are rated more susceptible to failure than dams with surface runoff only, and
growing lakes are rated more susceptible than stable or shrinking ones. All lakes with a size of ≤ 80
per cent of the 2007/2008 surface area in either 1968 or 2001/02 are classified as growing.
Dam geometry is expressed as an idealized average downstream slope of the dam: the dam width

W is defined as the Euclidean distance between the lake outlet and the closest pixel along the
downstream flow path with a lower elevation than the average lake bottom, using the average lake
depth D. The tangent of the average slope of the dam in outflow direction, tan β, is then derived as

D/W. For very small downstream average slopes tan β ≤ 0.02, the rating is decreased by 1 (see Table 3).
Also Sint could take values between 0 and 4, negative values are considered as 0.
Table 3. Rating scheme for Susceptibility to lake outburst triggered by internal forces Sint. Initial
values of Sint are determined from the dam material. These values are then increased or decreased
according to lake drainage, lake area development and downstream slope of dam.
Criterion

Dam material

Class

1 Embedded lake
2 Block dam

3 Debris dam

4 Rocky swell dam
Lake drainage
Lake area development

5 Glacier or fresh moraine dam

1 Clearly recognizable
surface drainage

2 No clearly recognizable surface drainage
1 Stable or shrinking
2 Growing

Downstream slope 1 Gentle
of dam
2 Steep

Definition

Sint

mapped

1

mapped

0

mapped

0

mapped
mapped

0
2

mapped

±0

rA1 and rA2 > 0.8

±0

mapped

rA1 or rA2 ≤ 0.8
tan β < 0.02
tan β ≥ 0.02

+1
+1
-1

±0

5.2.3 Derivation of lake outburst susceptibility and hazard
The ratings for Sint and Sext are combined using the rating scheme shown in Table 4. In order to
derive a measure for the hazard, the resulting lake outburst susceptibility S is combined with a
measure for the potential event magnitude M. Lake volume V or the expected peak discharge of an
outburst flood QP would be most suitable, but they are derived by empirical equations only and
are highly uncertain. The lake volume is directly related to the lake area A (see Eq. 1 and Eq. 2).
Therefore, the well-known lake area appears to be the best surrogate for M. The rating for the lake
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outburst hazard H is derived by combining the outburst susceptibility S of each lake with its area
class. The applied scheme is shown in Fig. 3.
Table 4. Lake outburst susceptibility rating S: combination of Sext and Sint.
Sint ↓ Sext →

0

1

2

3

4

2

2

3

3

4

5

0
1
3
4

0
1
3
4

1
2
3
4

2
3
4
5

3
3
4
5

4
4
5
6

Fig. 3. Lake outburst hazard H: combination of lake area as surrogate for the possible lake outburst
magnitude M and susceptibility S. Ne = negligible, Lo = low, Mo = moderate, Me = medium,
Hi = high, Vh = very high, Eh = extremely high.

5.3 Impact susceptibility and hazard
5.3.1 Impact susceptibility
Impact susceptibility I is understood as the tendency of an outburst flood from a defined lake to
affect a certain area resp. pixel. It disregards the lake outburst hazard H which is included in the
next step (impact hazard HI).
On the regional scale, empirical-statistical relationships are suitable for relating the travel distance

L or the average slope of reach ω of a flow to the involved volume V or the peak discharge Qp, or
just defining a global ω. Table 5 shows some of these relationships developed for debris flows in
general and lake outburst floods in particular.
Corominas et al. (2003) found an average angle of reach of ω = 21° for debris flows on unobstructed flow paths. Rickenmann (1999) related the horizontal travel distance L (m) to the bulk volume
of the flow V (m³) and the vertical distance Z (m) (see Table 5). The results obtained by these rules
show a large scatter among themselves and generally underestimate the travel distance of LOFs
(Mergili et al., accepted; Fig. 4). Haeberli (1983) suggested ω = 11° specifically for GLOFs, which
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was applied by Huggel et al. (2003) in combination with the Modified Single Flow direction model
(MSF).
Several authors have proposed empirical relationships for deriving the peak discharge Qp (m³/s) –
required as input for the relationship T3 in Table 5 – based on outburst volume V (m³) and dam
height resp. lake depth D (m) as predictors, see e.g. Crosta et al. (2006) for an overview. In the
present study, the outburst volume was set equal to the lake volume (worst-case assumption).
Table 6 summarizes various approaches, mainly regression functions. Huggel et al. (2004a) emphasized the importance to distinguish between different types of dams. t in the relationship Q8
stands for the duration of the outburst, Huggel et al. (2004a) suggest to set t = 1000 s as a first approximation.
Table 5. Empirical relationships potentially suitable for estimating the travel distance of lake outburst floods.
Relationship

Remarks

T2

ω = 11°

References

T3

ω = 18Q p −0.07

Haeberli (1983),
Huggel et al. (2003),
Huggel et al. (2004a)

for debris flows from GLOFs, applied
with ω = 8° in the present paper

T1

T4

L = 1.9V 0.16 Z 0.83 Rickenmann (1999)

ω ≥ 2°

Huggel (2004)

Haeberli (1983),
Huggel et al. (2004a)

for debris flows in general

worst case for debris flows from GLOFs
for floods from GLOFs

After the deposition of the debris or mud carried by the LOF, or if not much sediment is entrained
at all, the flood may propagate much farther: Haeberli (1983) suggested an average angle of reach
of 2 – 3°, but also travel distances exceeding 200 km were reported (e.g. Hewitt, 1982).
In order to achieve a robust estimate of the travel distance of potential LOFs, the approaches T1 –
T4 shown in Table 5 are combined. The approach of Corominas et al. (2003) is disregarded as it is
apparently not at all suitable for LOFs. The susceptibility of each pixel to be affected by an outburst flood from the respective lake is computed as follows, making use of GRASS GIS:
1. The lake outburst flood is considered as one single mass point, starting from the outlet of
the respective lake. It is routed downstream following a random walk approach weighted
for the local slope angle. In order to cover all possible pathways, 800 random walks are
performed for each lake.
2. At the start of each random walk, the empirical relationship defining the travel distance is
determined randomly, choosing among T1 – T4 (see Table 5). This means that ±200 random walks are performed according to each of the relationships. For T1, the volume V is
randomly varied between one time and four times the lake volume in order to account for
bulking with sediment. Regarding T3, Qp is chosen randomly from Table 6 for each random walk. Q1 – Q9 are used for glacial lakes (Type 5 in Table 3). For all other lakes, only
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the relationships Q1 – Q7 are used. This leads to the representation of all the relationships
in the results (±25 – 30 random walks per relationship).
Table 6. Empirical equations relating peak discharge Qp to outburst volume V and lake depth resp.
dam height D. ρw = density of water (kg/m³), g = gravity (m/s²). The relationships Q1 to Q7 were
developed for landslide dams, Q8 is valid for moraine dams and Q9 for the subglacial drainage of
ice-dammed lakes. The examples refer to the computed peak discharges of the Dasht event 2002
(lake area: 37,000 m²) and a hypothetic complete drainage of Rivakkul (1.2 km²). Values in brackets refer to drainage modes not relevant for the respective lake and are shown for comparison only.

Q1
Q2

Equation for Qp (m³/s)

(

)

6.3D 1.59

(

)

181 10 −6 V ⋅ D

Q5

1.6V 0.46

Q7

9.9 ⋅ 10 −1 (V ⋅ D )

Q9

46 10 −6 V

Q6
Q8

Costa (1985)

0.56

672 10 −6 V

Q3
Q4

Reference

0.43

1.58 ⋅ 10 −2 (ρW ⋅ g ⋅ V ⋅ D )

0.41

6.7 D 1.73
0.40

2V t

(

)

0.66

Costa and Schuster (1988)

Walder and
O'Connor (1997)
Huggel et al.
(2002)

Walder and Costa
(1996)

Example Qp
Dasht 2002

Example Qp
Rivakkul

(194 m³/s)

1955 m³/s

(354 m³/s)
(280 m³/s)
(299 m³/s)
(544 m³/s)
(278 m³/s)
(373 m³/s)

(638 m³/s)
22 m³/s

5562 m³/s
4329 m³/s
4072 m³/s
5225 m³/s
3446 m³/s
4766 m³/s

(87,124 m³/s)
(555 m³/s)

Table 7. Impact susceptibility rating I. n stands for the number of relationships (see Table 5) predicting an impact on the considered pixel, ω stands for the average slope angle from the lake to
the considered pixel. Since the relationship designed for floods predicts the longest travel distance
and not all LOFs evolve into debris flows, the impact type for pixels with n ≥ 2 can be flood or
debris flow.
I

0 Negligible
1 Low

2 Moderate
3 Medium
4 High

5 Very high

6 Extremely high

n
0
1
2
3
4

ω (degree)
<4

4 – <6
≥6

not applicable

type of impact
flood

debris flow or flood
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3. An impact susceptibility rating I (0 negligible – 6 extremely high) is then assigned to each
pixel, based on the number n of relationships T1 – T4 predicting an impact for the corresponding pixel, and on the average slope ω (Table 7). With n = 1, the corresponding relationship would always be T4, yielding the longest travel distance and the largest impact
area. For these pixels, the possible type of impact is considered as a flood (no debris flow),
and the impact susceptibility rating I is 1 low – 3 medium, depending on ω. If at least two
of the relationships predict an impact on the pixel, also debris flow is considered as possible impact type, and the impact susceptibility is defined 4 high – 6 extremely high, depending on n.
5.3.2 Impact hazard
The ratings for lake outburst hazard H and impact susceptibility I are combined to a rating of the
impact hazard HI according to the matrix shown in Fig. 4. A first step towards risk analysis is taken by an overlay of the impact hazard map with a map of settlements and cultivated areas. A further differentiation of this map regarding exposure and vulnerability would be required for a full
regional-scale risk analysis.

Fig. 4. Matrix for the impact hazard HI rating based on the ratings for lake outburst hazard rating
H and impact susceptibility I. The abbreviations are explained in the legend of Fig. 3.

6 Evaluation with the Dasht 2002 event
The hazard analysis procedure is evaluated using the Dasht 2002 event. In its surface appearance,
the lake did not differ substantially from many other glacial lakes in the study area. The lake outburst susceptibility is rated very high, the hazard – due to the limited size of the lake – as medium
only.
All empirical models shown in Table 5 underestimate the travel distance of the debris flow of
Dasht, which is characterized by ω = 9.3°. Whilst the resulting debris flow had reached the village
of Dasht 10.5 km downstream from the lake, the empirical relationships predict the debris flow to
stop already in the upper portion of the catchment (Fig. 5). The reasons for the long travel distance might be a mobilized subglacial water reservoir involved in the flow, a particular flow rheology, or backwater effects: according to field observations and interviews with the local popula-
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tion, a blockage of a narrow channel section occurred for at least two times, followed by vigorous
releases of water, debris and mud (Schneider et al., 2004).
In order to get more conservative values – as desired in this type of analysis – a value of ω = 8° is
used when applying relationship T2 to the South-Western Pamir (see Table 5).

Fig. 5. Longitudinal profile of the flow path of the Dasht 2002 event with the upper limits of the
flow paths according to different empirical relationships.

7 Results
7.1 Distribution and characteristics of lakes
For the period 2007/08, 428 lakes with A ≥ 2,500 m² are identified in the study area. 20 of them
are just widened portions of rivers or shallow swampy lakes (recognized by topographic situation,
colour and the existence of gravel bars) and are excluded from further analysis. Among the 408
remaining lakes, 187 are embedded in undulating landscapes most likely formed during the Pleistocene, at some distance from the recent glaciers, but still above 4000 m a.s.l (Type 1 in Table 3).
20 lakes have dams dominated by coarse blocks, representing Pleistocenic terminal moraines,
landslide deposits or a combination of both (Type 2). 13 lakes are dammed by talus or debris cones
(Type 3) and 16 by pronounced rocky swells (Type 4). The remaining 172 lakes represent glacial
lakes in the strict sense: they are either directly embedded in the exposed ice, or dammed by debris-covered glacier tongues, rock glaciers or fresh moraines (Type 5). The transition between the
latter three types is rather gradual than sharp and the identification requires geophysical methods
not applicable at the regional scale. No distinction was therefore made between pro- and supraglacial lakes. Table 8 summarizes the numbers and some geometric characteristics of the different
lake types.
Fig. 6 plots the altitudinal distribution of the lakes, organized by dam types. Less than 10 per cent
of all lakes are found below 4200 m a.s.l., but two of them are larger than 1 km² (Durumkul and
Rivakkul; Type 2). At approx. 4200 m a.s.l., the steep valley flanks give way to the undulating
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plains formed by Pleistocenic glaciers. The latter landscape hosts numerous lakes of Type 1.
Turumtaikul and Zaroshkul are the largest representatives of this type. Above 4500 m a.s.l., in the
zone of recent glaciers and fresh moraines, lakes of Type 5 become more abundant and dominate
the zone from 4700 m upwards. The highest identified glacial lakes are located at 5060 m a.s.l. The
highest density of lakes is found at 4500 – 4550 m a.s.l. Reasons are the large share of the land area
in this class on the one hand (see Fig. 6) and the presence of favourable conditions for the development of lakes of Type 1 and 5 on the other hand.
Fig. 6 also shows the trends of lake development. Most glacial lakes (Type 5), located in a changing
environment with active morphodynamics (Mergili et al., submitted), are growing, as are many
lakes of Type 1.

Fig. 6. Distribution of lake types and lake evolution plotted against elevation. The distribution of
the total surface of the study area is shown as reference.

7.2 Lake outburst susceptibility
There is no significant differentiation of lake types regarding the susceptibility to lake outburst
triggered by external forces Sext, which rather depends on the topography and state of the adjacent
slopes than on the dams themselves (Fig. 7a). Glacial lakes are most susceptible to outbursts triggered by internal forces, as prescribed by the rating scheme (Fig. 7b). In sum, glacial lakes are by
far the most susceptible, with 66 cases of very high susceptibility (Class 5) and 85 cases of high
susceptibility (Class 4). There are also 15 non-glacial lakes with high susceptibility. All other lakes
are assigned to Class 3 (medium susceptibility) or lower (Fig. 7c).

7.3 Lake outburst hazard and Impact hazard
Among the 408 analyzed lakes, the lake outburst hazard H for 122 is classified as negligible
(Class 0), for most of them due to their limited size of A < 5,000 m² (Fig. 7d). 35 lakes are assigned
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to Class 1 (low hazard), 124 to Class 2 (moderate hazard), 87 to Class 3 (medium hazard), 34 to
Class 4 (high hazard) and 6 to Class 5 (very high hazard). No lakes are assigned to Class 6 (extremely high hazard). Glacial lakes are more prominent regarding susceptibility than hazard, as
they are in average smaller than lakes of some of the other classes (see Table 8). In contrast, the
large Durumkul with a surface area of 1.7 km² and Rivakkul with 1.2 km², dammed by deposits of
large blocks (landslide deposits or Pleistocenic moraines), are both rated hazardous though moderate resp. medium lake outburst susceptibility.

Fig. 7. a Susceptibility to lake outburst triggered by external forces Sext. b Susceptibility to lake
outburst triggered by internal forces Sint. c Combined lake outburst susceptibility S. d Lake outburst hazard H.
Table 8. Lake statistics, organized by lake type. nl = number of lakes, pg = percentage of growing
lakes, Aavg and Amax = average resp. maximum lake area, zmin, zavg and zmax = minimum, average and
maximum elevation a.s.l.
nl

pg

1 Embedded lake

187

45

4 Rocky swell dam

16

25

Lake type

2 Block dam

3 Debris dam

5 Glacier or fresh
moraine dam

20
13

172

55
46
83

Aavg (km²)

Amax (km²)

zmin (m)

zavg (m)

zmax (m)

0.085

0.62

3590

4223

4686

0.143
0.205
0.107
0.018

8.99
1.68
0.48
0.41

3473
3341
4418
3926

4460
4076
4692
4608

5029
4718
5021
5063
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Fig. 8. Hazard indication map for the Gunt and Shakhdara valleys.

Fig. 9. Computed maximum travel distances of debris flows and floods from lake outbursts.
Fig. 8 shows the hazard indication map for the entire study area. The lake outburst hazard for each
lake and the impact hazard for each pixel are shown. The maximum travel distances of potential
debris flows and floods emanating from the lakes are plotted in Fig. 9. Only for 97 out of the 408
lakes, debris flows exceeding a travel distance of 2 km are predicted in the case of an outburst. The
maximum value (15.5 km) is computed for Nimatskul (Lake N1 in Fig. 8; see next section). Flood-
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ing could proceed for more than 30 km in the case of 298 lakes, with a maximum of 75.5 km.
However, it has to be kept in mind that the only criterion used for the travel distance of floods is
the average slope of the flow path. Many lakes in the study area are too small to produce floods
reaching that far.

7.4 Case studies
The Dasht event is the only documented LOF in the study area. There is evidence for earlier outburst floods e.g. of Rivakkul (Schneider et al., 2004), but the observations are too vague to be used
as reference.
The lakes identified as hazardous or very hazardous can be organized into two categories:
4. growing glacial lakes (Type 5), mostly with seepage through the dam;
5. large lakes of various types (Type 1, 2 and 4 according to Table 3).
Whilst it would be out of scope of the present paper to discuss all of those lakes in detail, one example of each type will be shown in order to illustrate the specific potentials and limitations of the
regional-scale analysis procedure when zooming into a more detailed level.
A growing glacial lake (Lake V1) is located in the upper reaches of Varshedzdara at 4513 m a.s.l.
(Fig. 10a and Fig. 10b; see Fig. 8), 11 km upstream of the village of Varshedz. In summer 2007, the
lake had a surface area of 155,000 m². Lake outburst susceptibility and hazard are rated very high.
Lake V1 serves as an example for many similar glacial lakes in the study area, most of which are,
however, smaller. A second, larger lake (360,000 m²) of stable size (Lake V2) is located 2.5 km
upstream from Lake V1, at 4,795 m a.s.l. It is dammed by a rocky swell partly covered by morainic
material and bordered by steep, partly glacierized slopes. It has no permanent surface drainage.
The lake outburst susceptibility was rated medium, the lake outburst hazard high. An ice avalanche into the lake would be the most likely scenario causing a flood wave. However, only a fraction of the lake would drain in such a case.
A LOF from Lake V2 would possibly hit Lake V1, which – depending on the specific characteristics of the flow – could either level out or amplify the flood. Such effects are not accounted for by
the empirical approaches used for the impact susceptibility at the regional scale. Instead, travel
distance, impact susceptibility and hazard are computed separately for each of the lakes. The empirical relationships suggest that a debris flow resulting from an outburst of Lake V1 or Lake V2
would not reach the village of Varshedz. A debris flow from Lake V2 would proceed farther
(11.0 km) than one from Lake V1 (3.5 km) due to the larger maximum outburst volume and the
steep initial slope. However, substantial flooding would have to be expected in the village of
Varshedz (Fig. 10c). 43.9 km (Lake V1) resp. 50.1 km (Lake V2) are suggested as maximum travel
distances of floods resulting from lake outbursts. When summing up the impact hazard HI for all
pixels defined as settlement or agricultural area, Lake V1 and Lake V2 show much higher values
than all the other lakes in the study area, mainly due to the location of the village of Varshedz
directly on the debris cone where the flow would be supposed to spread.
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Fig. 10. a Aerial view of Lake V1 (August 2009). b Development of Lake V1 1968 – 2007. c Impact
susceptibilities I for potential outbursts of Lake V1 and Lake V2.
Among all the lakes in the study area, Nimatskul (Lake N1; Fig. 11a) is closest to the villages in the
main valley. Located at 4418 m a.s.l., the horizontal distance from the lake down to the Gunt Valley is only 5.9 km, with a vertical difference of 1600 m. The steep average slope of the flow path
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(ω = 15.2°) and the availability of erodible material suggest that a possible outburst flood would
most probably severely affect the villages near the outlet of the Nimatsdara (Fig. 11b).
The lake is dammed by a rocky swell and has a constant surface area of 475,000 m². Lake outburst
susceptibility and hazard were rated medium resp. high. Sudden drainage of the lake may be
caused by a powerful earthquake weakening the dam or leading to landslides into the lake. However, a closer on-site inspection of the slopes leading directly into the lake gave no evidence of
large-scale instabilities so that in reality, Sext and H would be lower than suggested in the regionalscale analysis. Even though the slopes are obviously under permafrost conditions (see Fig. 11a),
mass movements capable to displace a substantial portion of the lake would require a very powerful trigger. With some limitations, similar conclusions can be drawn for Durumkul and Rivakkul.

Fig. 11. a (left) Aerial view of Lake N1 (Nimatskul) in August 2009, the Gunt Valley in the background. The viscous creep into the lake indicates that also the above rock wall is influenced by
permafrost. b (right) Modelled impact susceptibility I of a potential outburst of Nimatskul.

8 Discussion
Even though the population of the Pamir directly depends on the natural environment and a lot of
traditional knowledge exists (Kassam, 2009), lake outburst hazards are often neglected: the source
area is usually far away from the area of impact and events occur at very long time intervals or as
singularities. The Dasht 2002 GLOF hit the village completely unexpected – there was no awareness of the hazard and no preparedness for the event (Schneider et al., 2004). Also in other mountain areas, deficiencies in risk communication are often responsible that natural processes evolve
into disasters (Carey, 2005).
A regional-scale hazard analysis for the South-Western Pamir has been presented in order to highlight potentially hazardous lakes and possible impact areas, building largely on medium-resolution
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satellite imagery and elevation data. The predictive capacity of such an analysis is governed primarily by the applicability of various types of input data: satellite imagery and digital elevation
models only provide information on surface features and patterns, not allowing for an insight beneath. Two aspects have turned out as the major limiting factors of regional-scale lake outburst
hazard analyses:
1. geological information. Rock types and major faults can be obtained from geological maps,
but slope stability is often governed by small-scale dip directions and fault systems. Such
features can be considered for single slopes or small catchments, but not at the regional
scale. Therefore, no geological input was used for computing TSI;
2. information on seepage through the dam and on its internal structure, particularly sediment consolidation, porosity (cavities) and subsurface ice content. Geophysical surveys
(e.g. geoelectrics) are not feasible at a level broad enough to cover all relevant lakes.
Furthermore, the SRTM-4 DEM and the pixel size used (60 m) are insufficient to represent all
relevant features: particularly for small lakes, the freeboard or the downstream slope of dams may
be blurred. High-resolution DEMs are hardly applicable to regional-scale studies of this type, but a
more thorough evaluation of the entire analysis procedure for a small test area with a highresolution DEM and directly measured data (e.g. lake depth) would be an important next step.
The rating schemes used for the hazard analysis were tuned in a way to provide worst-case estimates, with the purpose of building a reproducible baseline regarding the site selection for indepth investigations. In the case of Nimatskul (Lake N1), such an investigation led to a downrating of the hazard. In contrast, the rating for Lake V2, with exactly the same values as for
Lake N1, was confirmed in the field.
On the other hand, too conservative ratings had to be avoided. Due to its limited size, the lake in
Dashtdara producing the 2002 disaster was rated very susceptible, but only medium hazardous.
Tuning the rating scheme in a way to yield a high or very high hazard for that lake would have
led to such a classification of virtually all glacial lakes in the area, obstructing the purpose of the
method for site selection. It is likely that superficially invisible factors (structure of the dam, englacial water reservoir) led to the high magnitude of the Dasht 2002 event. One can learn some
major lessons by comparing the characteristics of that event to the analysis results:
1. the Dasht lake did not appear more hazardous than many other glacial lakes in the area.
This leads to the apparent conclusion that the location of specific outburst events is hard –
or even impossible – to predict. The procedure shown up in the present paper gives way to
a possible strategy of dealing with this problem: identifying potentially dangerous lakes
and fostering a broad awareness-raising and preparedness-building connected with feasible technical measures (e.g. simple early warning systems) in possibly affected communities;
2. hazardous glacial lakes may evolve within less than one year. This phenomenon was illustrated not only by the Dasht event, but also by the outburst of the western Zyndan glacier
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lake in the Tien-Shan (Kyrgyzstan) in 2008 (Narama et al., 2010). This means that a consequent monitoring of the glacial environment is required in order to keep updated on developing hazards. On the one hand, such a monitoring has to be performed by employing
remote sensing techniques. On the other hand, the local communities have to be trained
and encouraged to keep an eye on relevant environmental changes and developing lakes.
Empirical relationships were used for estimating the travel distances and impact areas of lake outburst floods. This is appropriate at the regional scale as physically-based models would require
multiple input parameters not available over such a broad area. Mergili et al. (accepted) discuss the
challenges and problems connected to physically-based modelling of the motion of lake outburst
floods.
However, it should be emphasized that empirical relationships only provide a first estimate of the
impact susceptibility which can serve as a baseline for in-depth studies. Specific process chains and
interactions regarding the motion of the GLOF are not explicitly considered in the empirical relationships. Such include entrainment or deposition of sediment, change between different flow
types (flood, hyperconcentrated flow, debris flow), the amplification or attenuation of flood waves
by lakes on the flow path (e.g. Lake V1 in Fig. 10c) or backwater effects. In the case of Dasht, such
interactions are thought to be responsible that the flow did not fit to the empirical rules derived
from sets of other GLOFs (Haeberli, 1983; Huggel, 2004; Huggel et al., 2004a), but instead continued to the confluence of the Dashtdara with the Shakhdara Valley where lateral spreading was
possible.
The global assumption that the entire lake would drain is realistic when considering small glacial
lakes (in Dasht, it was the case), but not for larger lakes with rather stable dams where mass
movements may cause an overflow. This problem leads to an overestimation of the lake outburst
hazard of large lakes (e.g. Durumkul). Huggel et al. (2004a, b) have related expected outburst volumes to the impact volume – an adoption of this approach would require in-detail investigations
for each lake.
An important aspect not explicitly accounted for in the hazard analysis procedure is permafrost,
which may significantly influence lake outburst susceptibility and hazard (Haeberli et al., 2010a):
in the South-Western Pamir, almost all lakes are located in permafrost areas (Mergili et al., submitted) and a detailed analysis of the condition of the permafrost was out of scope. However,
when applying the methodology presented to study regions with lakes both in permafrost and in
permafrost-free areas, this aspect has to be included.

9 Conclusions
The regional-scale hazard analysis of lake outburst floods, as shown in the present paper for the
South-Western Pamir, Tajikistan, has proven to be a valuable tool for a rapid and reproducible
identification of potentially hazardous lakes and possible impact areas.
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The analysis does not require specialized input data, it largely relies on internationally available
medium-resolution satellite imagery and DEMs. This allows an application in remote or poorly
developed areas with limited availability of local information. The neglect of such data, however,
also limits the scope of the method: it is clearly confined to the identification of areas requiring
more detailed investigations, e.g. field studies. The regional-scale analysis has to presume the unknown parameters as utmost unfavourable in order to come up with worst-case assumptions. This
avoids to miss potentially hazardous lakes and situations during the site selection for detailed studies.
The Dasht 2002 event, the most destructive GLOF in the documented history of the SouthWestern Pamir, originated from a lake rated as very susceptible, but only medium hazardous in
the regional-scale analysis. A closer on-site inspection did not reveal a substantial difference to
other glacial lakes with such a rating, except for the short lifetime of the lake. This finding underlines the need to detect glacial lakes immediately after their emergence and to take adequate
measures.
Also modelling of the travel distance of the Dasht 2002 GLOF showed the difficulties of putting
lakes and events into prescribed schemes: it was impossible to reconstruct the reach of the flow by
empirical rules based on previous events. This, in conjunction with the thoughts presented above,
shows the importance of broad-scale risk mitigation strategies in potentially affected areas, including awareness-raising and preparedness-building within the local population, in combination with
a regular monitoring of the glacial and periglacial environment.
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Abstract
Computer models, in combination with Geographic Information Sciences (GIS), play an important
role in up-to-date studies of travel distance, impact area, velocity or energy of granular flows (e.g.
snow or rock avalanches, flows of debris or mud). Simple empirical-statistical relationships or
mass point models are frequently applied in GIS-based modelling environments. However, they
are only appropriate for rough overviews at the regional scale. In detail, granular flows are highly
complex processes and physically-based distributed models are required for detailed studies of
travel distance, velocity, and energy of such phenomena. One of the most advanced theories for
understanding and modelling granular flows is the Savage-Hutter type model, a system of differential equations based on the conservation of mass and momentum. The equations have been
solved for a number of idealized topographies, but only few attempts to find a solution for arbitrary topography or to integrate the model with GIS are known up to now. The work presented is
understood as an initiative to integrate a fully physically-based model for the motion of granular
flows, based on the extended Savage-Hutter theory, with GRASS, an Open Source GIS software
package. The potentials of the model are highlighted, employing the Val Pola Rock Avalanche
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(Northern Italy, 1987) as the test event, and the limitations as well as the most urging needs for
further research are discussed.

1 Introduction
Granular flows – including avalanches of snow, mud, debris or even rocks – are highly destructive
phenomena putting people, buildings and infrastructures at risk. Delineation of possible impact
areas as well as flow velocities is an essential precondition for efficient action towards risk reduction, e.g. designation of hazard zones for land use planning, dimensioning of technical structures
etc. (Hungr et al., 2005; Pudasaini and Hutter, 2007).
Since the 1990s, Geographic Information Sciences (GIS) have played an increasing role in the
mapping and prediction of landslide, debris flow, and avalanche hazard and risk. They enable an
efficient management of spatial data at all scales, usually in raster or vector format.
On a regional or even national level, GIS have a high popularity for identifying areas with high
landslide hazard and risk and for generating so-called landslide susceptibility maps. A large array
of statistical methods has been applied for this purpose (e.g. Corominas et al., 2003; Lee, 2004;
Guzzetti et al., 2006). Also regarding physically-based methods, which require more detailed
topographic and geotechnical information and are therefore mainly applicable at the small catchment scale, various approaches have been worked out and several GIS-based studies on shallow
slope failures have been published (e.g. Godt et al., 2008). Programs like SINMAP (Pack et al.,
1998) or SHALSTAB (Dietrich and Montgomery, 1998) work as extensions to proprietary GIS
software packages. Mergili and Fellin (2011) implemented a model for rotational failures with the
Open Source package GRASS GIS (GRASS Development Team, 2011). However, GIS-based model
development has focused to a lesser extent on the movement itself, but rather on the onset of the
movement.
Models for the motion of rapid mass movements such as granular flows may be classified as shown
in Table 1. Most of the existing approaches are potentially suitable for more than one type of flow
(snow avalanche, debris flow, rock avalanche etc.). Many of them were developed independently
from GIS, which are just a mode of implementation offering efficient spatial analysis tools. The
main types of models are shortly outlined below, partly following Pudasaini and Hutter (2007).
Statistical models are employed for the estimation of key parameters (particularly travel distance).
Threshold values of slope angles or horizontal and vertical distances (e.g. Lied and Bakkehøi, 1980;
McClung and Lied, 1987; Burton and Bathurst, 1998 based on Vandre, 1985; Corominas et al.,
2003), related to volume (e.g. Rickenmann, 1999; Scheidl and Rickenmann, 2009 for debris flows)
are used as criteria. Such relationships are gained from the analysis of historical events. Some approaches also include basic physical principles (Blahut et al., 2010; Kappes et al., 2011). Statistical
models are used today in combination with GIS and are often applied for regional-scale studies
(e.g. Mergili and Schneider, 2011 for glacial lake outburst floods).
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Mass point models (sometimes referred to as semi-deterministic or conceptual models) for snow
avalanches or debris flows go back to the work of Voellmy (1955), who related the shear traction
at the base to the square of the velocity and assumed an additional Coulomb friction effect (Pudasaini and Hutter, 2007). This approach considers only the centre of the flowing mass, but not its
deformation and the spatial distribution of the flow parameters. The Voellmy (1955) model was
further developed and applied e.g. by Perla et al. (1980); Gamma (2000); Wichmann and Becht
(2003); and Mergili et al. (2011). With statistical and mass point models, random walk procedures
based on Monte Carlo techniques (Gamma, 2000) are used for routing the flow. As VanWesten et al. (2005) showed, the influence of the routing algorithm on the modelled areas of deposition is considerable.
Table 1: Types of models for granular flows, partly based on Pudasaini and Hutter (2007).
Model type

Description

References

Mass point
models

Physically-based, but consider only the centre of the flow
mass

Voellmy, 1955; Perla et al., 1980; Gamma,
2000; Wichmann and Becht, 2003;
Mergili et al., 2011

Statistical
models

Physicallybased distributed models

Empirically derived relationships between travel distance and topographic parameters
Consider also the deformation during the flow and
the spatial variation of the
flow parameters

Lied and Bakkehøi, 1980; Vandre, 1985;
McClung and Lied, 1987; Rickenmann, 1999;
Corominas et al., 2003

Savage and Hutter, 1989; Hungr, 1995; Iverson, 1997; Gray et al., 1999; Pudasaini and
Hutter, 2003; Sampl and Zwinger, 2004;
Pudasaini et al., 2005a, b; Christen et al.,
2010a, b

Physically-based distributed models require more specialized input information and are therefore
suitable for local-scale studies. Movements are computed based on physical laws, assuming specific
flow rheologies (Savage and Hutter, 1989; Takahashi et al., 1992; Hungr, 1995; Iverson, 1997;
Pudasaini and Hutter, 2003; McDougall and Hungr, 2004, 2005; Pudasaini et al., 2005a, b). GIS
applications of such models are still rather scarce. Some examples exist where numerical models
can be coupled with proprietary GIS software, e.g. FLO-2D (O’Brien, 2003), SAMOS
(Sampl and Zwinger, 2004), or an application of the Takahashi et al. (1992) model (Chau and Lo,
2004). Some other models have been used in combination with GRASS GIS, like DAN (Hungr,
1995; Revellino et al., 2008) or TITAN2D (Pitman et al., 2003). The RAMMS model (Christen et al., 2010a, b), primarily applied to snow avalanches, uses Voellmy (1955) viscous drag and
runs with GRASS GIS in the background. However, a full GIS implementation of more complex
models (e.g. Savage and Hutter, 1989; Iverson 1997; Pudasaini and Hutter, 2003; see Pudasaini and
Hutter, 2007 for a comprehensive list of references) still remains a challenge. Recently, there has
been rapid progress in theoretical modelling, numerical simulation and validation of the models
with experimental and field data for granular flows (Gray et al., 1999; Pudasaini et al., 2005a;
Pudasaini et al., 2008; Luca et al., 2009a, b, c, d; Pudasaini, 2011b). Zwinger et al. (2003) adapted
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the Savage-Hutter model for arbitrarily shaped mountain terrain, introducing some geometric
simplifications. Based on Nessyahu and Tadmor (1990) and Tai et al. (2002), Wang et al. (2004)
devised a numerical scheme applicable to flows over complex shallow terrain along a horizontally
straight flow path (Gray et al., 1999). Pudasaini and Hutter (2003) proposed an avalanche model
for generally curved and twisted channels which was further developed by Pudasaini et al. (2005a,
b; 2008). The simulation results were verified with experimental data. The Gray et al. (1999) and
the Pudasaini and Hutter (2003) model are both based on curvilinear coordinate systems. Whilst
such general models are adequate for the problems related to arbitrarily shaped mountain terrain,
substantial efforts are still needed to apply these equations to real-world mountain topographies in
connection with conventional raster-based GIS environments. This requires some adaptations
which will be explained later.
The present paper describes an attempt to implement a fully physically-based model for the motion of granular flows with GIS. The software GRASS GIS was selected for this purpose. As an
Open Source GIS package with focus on raster processing, GRASS facilitates model development,
distribution and evaluation: the program code is freely accessible and new modules may be added
by anybody. Therefore, the entire scientific community has the chance to contribute to the evaluation of the model and the further development of the program code. Examples of GRASS implementations of mass movement models are provided e.g. by Cannata and Molinari (2008) and
Mergili et al. (2011).
The GRASS module developed was named r.avalanche. It builds on a numerical scheme devised
by Gray et al. (1999), Pudasaini (2003) and Wang et al. (2004) for simple concave topographies
with an only vertically curved flow line (Fig. 1). Pudasaini et al. (2005a, b; 2008) further applied
these numerical schemes to more complex curved and twisted topographies, and compared the
model simulations with laboratory and field data for dry avalanches and mixture debris flows.
Future work should be directed towards extending the scope of the physical and numerical model
to arbitrary mountain terrain.

Fig. 1: Idealized topography for the solution of the extended Savage-Hutter Model by Wang et al.
(2004), also used for r.avalanche.
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2 Methods
2.1 Model basics
The extended Savage-Hutter Model (Savage and Hutter, 1989; Gray et al., 1999; Pudasaini and
Hutter, 2003) is expressed as a system of partial differential equations describing the conservation
of mass and momentum for the rapid motion of dry granular avalanches:

∂h ∂
∂
+ (hu ) + (hv ) = 0 ,
∂t ∂x
∂y

(1)

2


∂
(hu ) + ∂ hu 2 + ∂ (huv ) = hs x − ∂  β x h  ,
∂t
∂x
∂y
∂x  2 
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 β h2 
∂
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where h is the avalanche thickness, and u and v are the depth-averaged downslope and cross-slope
velocities. sx and sy are the net driving accelerations:
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∂b
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where ζ is the downslope inclination angle of the reference surface, κ is the local curvature of the
reference surface, b is the elevation above the reference surface, and ε and λ are some scaling factors (see Sect. 2.3.2).

βx and βy are defined as

β x = ε cos ζK x ,

(6)

β y = ε cos ζK y .

(7)

Kx and Ky are the earth pressure coefficients in downslope and cross-slope directions (as computed
at the basal surface):

(

)

K x , act / pass = 2 1  1 − cos2 ϕ cos2 δ sec2 ϕ − 1 ,

(8)

(K x − 1)2 + 4 tan 2 δ  .

(9)

K y , act / pass =

1
 Kx +1
2



φ is the angle of internal friction, and δ is the bed friction angle. Active stress rates (subscript act)
are connected to local elongation of the flowing mass, passive stress rates (subscript pass) are connected to local compacting – it depends on acceleration or deceleration of the flow whether active
or passive stress rates are applied (Gray et al., 1999).
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The system of equations described above is only valid for the shallow flow of cohesionless and
incompressible granular materials which can be considered as continuum. The model is often applied to cases with non-shallow onset areas. This is acceptable as long as the movement quickly
transforms into a shallow flow since the geometry during the flow and the deposition does not
much depend on the geometry of the onset mass in such cases. The curvature of the terrain has to
be relatively small. It has to be emphasized that all variables are dimensionless. The model is scaleinvariant and small-scale laboratory tests can be used as reference for large-scale problems in nature.

2.2 Numerical solution of the equations
The differential equations Eqs. (1) to (3) were solved using a high resolution Total Variation Diminishing Non-Oscillatory Central Differencing (TVD-NOC) Scheme, a numerical scheme useful
to avoid unphysical numerical oscillations (Nessyahu and Tadmor, 1990). Cell averages of h, u and

v are computed using a staggered grid: the system is moved half of the cell size with every time
step, the values at the corners of the cells and in the middle of the cells are computed alternatively. The TVD-NOC scheme with the minmod limiter has been successfully applied to a large number of avalanche and debris flow problems (Tai et al., 2002; Wang et al., 2004; Pudasaini et al.,
2005a, b, 2008, Pudasaini and Kroener, 2008). Here, this scheme is implemented in the r.avalanche
computational tool.
The simulation is run for a user-defined real-time period, in the future it is planned to implement
a criterion based on the absolute value of the average velocity of the flow, with a user-defined
sufficiently low threshold value. The time steps have to be kept short enough to fulfil the
Courant-Friedrichs-Levy (CFL) condition:
∆t
1
cmax < ,
∆x
2

(

(10)

)

cmax = max ui , j + β x hi , j , vi , j + β y hi , j ,
all i , j

(11)

where ∆x is the cell size in x direction, cmax is the global maximum wave speed and i and j are the
coordinates of the cells in x and y direction, respectively. ∆t is determined dynamically during the
run-time of r.avalanche, based on the CFL condition from the previous time step.

2.3 Implementation into GRASS GIS
2.3.1 Layout

r.avalanche was developed as a raster module for GRASS GIS, using the C programming language.
Raster maps and a set of parameters compiled in a text file serve as input (see Table 2). The implementation of the model and the numerical scheme described above into GIS should consider the
following:
•

Eqs. (1) to (3) provide dimensionless values. However, in real flow simulations, for better
physical intuition, it is desirable to use dimensional values;
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•

in general the solution is obtained for a curvilinear reference system. However, this must be
converted into a rectangular GIS system.

In reality the avalanche valleys are not only curved in the downslope direction, but also in the
cross-slope direction. Here, for simplicity, the idealized situation that the slope is only curved in
the downslope direction but laterally flat is assumed (Gray et al., 1999). However, as in Pudasaini et al. (2005a, b, 2008), it would be more realistic to construct the mountain topography based
on a curved and twisted surface or even better on arbitrary topography. This could be an interesting future direction, but is not within the scope of this paper.
Table 2: Input parameters for r.avalanche.
Parameter (unit)

Input format

Description

δ (°)

Raster map

Bed friction angle

z (m)

Raster map

h0 (m)

Raster map

φ (°)

Value

tmax (s)

Value

xpath1, ypath1, xpath2,
ypath2 (m)

Values

Elevation

Depth of starting material
Angle of internal friction

Time of simulation until flow stops

Coordinates of two points defining the main flow line

Non-dimensionalization of the variables
The first issue concerns the non-dimensionalization of the governing variables and parameters,
which is explained e.g. in Pudasaini (2003). With the typical avalanche length L, the typical avalanche depth H and the typical radius of curvature R, the dimensional variables are derived by
using

(x, y ) = (Lx, Ly )
(h, b ) = (Hh, Hb)
(u, v ) = (u gL , v


t =t L g

κ =κ R





gL  ,





)

(12)

where the variables denoted with a cap are the dimensional counterparts of the variables used in
Eqs. (1) to (3) and g is gravitational acceleration. The implemented model computes the dimensionless variables and converts them to dimensional values according to Eq. (12) for output. The
scaling parameters L, H, and R are set to 1 in this paper. The factors ε = H/L and λ = L/R (Pudasaini, 2003) are therefore 1 as well. However, the choice of the scaling parameters does not influence the numerical results since Eqs. (1) to (9) are scale invariant.
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2.3.2 Adaptation of the coordinate system
In general the extended Savage-Hutter model and its solution are formulated by using a curvilinear coordinate system based on a talweg which can be generally curved and twisted (Wang et al.,
2004; Pudasaini et al., 2005a, b; 2008). The talweg is considered to be the predominant flow direction. Here, as in Gray et al. (1999) and Wang et al. (2004), it is assumed that the talweg is only
curved in the downslope direction so that its projection to a horizontal plane is a straight line (see
Fig. 1). Three steps are required for converting the original rectangular coordinate system of the
input raster maps into the coordinate system for the simulation:
•

the coordinate system is rotated around the z axis so that the direction of the main flow line is
aligned with the new x (downslope) direction. The main flow line is based on two userdefined pairs of coordinates (see Table 2);

•

a reference surface is created, defined by the given talweg and an inclination of zero in y
(cross-slope) direction. As the talweg follows the natural terrain, its longitudinal section
(Fig. 2) does not represent a straight or regularly curved line like in the idealized topography
shown in Fig. 1;

•

based on this reference surface, the cell size ∆x for each x parallel to the reference surface is
computed. The offset b (m) – defined as the distance between terrain surface and reference
surface perpendicular to the reference surface – is derived. Since the terrain surface is not given analytically and z0,terrain in Fig. 2 depends on the corresponding x0, b has to be determined
iteratively. This is done by varying the horizontal shift until the tested value of z0,test converges
to the terrain surface. The terrain height is interpolated between the centres of the two closest
raster cells in the direction of x0. Initial avalanche thickness h is derived in an analogous way.
As a final step, all raster maps are resampled in order to set ∆x = ∆y = const. (a precondition for
applying the numerical scheme used by Wang et al., 2004).

Fig. 2: Iterative determination of b based on the coordinate system defined by the reference plane.
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After completing the simulation, the entire system is reconverted into the rectangular coordinate
system used in the GRASS GIS mapset in order to enable a proper display of the results.

3 Study area and data
3.1 The 1987 Val Pola Rock Avalanche
The Val Pola Rock Avalanche (Valtellina, Lombardy Region, Northern Italy, Fig. 3a), like most
large mass movements, has been subject of numerous detailed studies. A review with the relevant
references is provided by Govi et al. (2002). The good state of knowledge on the geometric characteristics as well as the mechanics and kinematics of the event makes it suitable for model evaluation. Granular flow modelling was already applied there (e.g. by Crosta et al., 2003, 2004).
The event (also referred to as Val Pola Landslide) occurred on 28 July 1987 after a period of heavy
and persistent rainfall. During this period, erosion was intense, and numerous debris flows were
reported from the tributaries to the Valtellina. The Val Pola Creek was deeply eroded, undercutting the northern edge of an old landslide body. Preceded by the opening of a prominent crack, a
block of highly fractured and faulted igneous and metamorphic rocks detached and rushed into
the valley (Crosta et al., 2003). Figure 3b provides a comparison of satellite views of the area before and after the event.
The volume of the released mass was estimated to 34 – 43 million m³ (Crosta et al., 2003) and
35 million m³ (Govi et al., 2002), respectively, the entrainment by the resulting rock avalanche to
further 5 – 8 million m³. After detaching, the mass first moved northwards until rushing against
the Sassavin-Motta Ridge, and then proceeded as rock avalanche eastwards down to the main valley. Govi et al. (2002) distinguished six phases of the movement, with a duration of the main avalanching phase of 8 – 12.5 s. The velocity of the flow was estimated to peak at 76 – 108 m s-1
(Crosta et al., 2004), indicating that the event was one of the most rapid documented mass movements in history.
The mass moved up 300 m on the opposite slope. In the main valley, it continued 1.5 km downstream and 1.5 km upstream, with a maximum thickness of 90 m (Crosta et al., 2003; see Fig 3b).
The Adda river was dammed, and a lake started to form, the level rising several metres per day. An
artificial drainage was constructed rapidly in order to avoid an uncontrolled sudden drainage of
the lake. The event claimed 27 human lives and caused high economic costs (Crosta et al., 2003).

3.2 Data
The following data sets were obtained for the Val Pola Rock Avalanche:
•

Digital Elevation Models (DEMs) before and after the event;

•

geotechnical parameters of the sliding mass and the sliding surface;

•

reference information on the distribution of the deposit.
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Fig. 3: Val Pola Rock Avalanche: (a) location; (b) comparison of Landsat imagery before and after
the event.
A

DEM

provided

by

the

Geoportal

of

the
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Lombardy

(Italy;

www.cartografia.regione.lombardia.it) at a cell size of 20 m was used. It represents the situation
before the 1987 Val Pola event. An SRTM-4 DEM (Jarvis et al., 2008) from February 2000 was
obtained in order to capture the situation after the event. It has a cell size of 3 arc seconds and was
resampled to 20 m, too. However, it was mainly used for defining the depth of the failure plane
whilst the pre-failure DEM was applied for the simulation.
The distribution of the released mass was estimated from the difference between the two DEMs. A
volume of approx. 40 million m³ was derived, being well within the range reported by Crosta et al.
(2003, 2004). The higher value compared to that one reported by Govi et al. (2002) can be explained by the fact that material detached from the Sassavin-Motta Ridge – considered as en-
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trained material by those authors – is included here (Fig. 4). Furthermore, the defined onset area is
larger than shown by Crosta et al. (2003). This counterbalances the fact that entrainment is disregarded by r.avalanche. In general, it is hard to clearly delineate the zones of onset and entrainment by the mass flow. The accuracy of the DEMs did not allow for a reliable estimate of entrained and deposited volume. However, the maximum thickness of deposited material derived by
the DEM overlay was 83 m and therefore close to the value reported by Crosta et al. (2003) and
Govi et al. (2002). However, this overlay has to be considered as a rough approximation since significant anthropogenic reshaping of the terrain took place after the event. Only areas with a derived thickness of the deposit ≥20 m are shown in Fig. 4. The affected area as reference data was
mapped from Landsat TM imagery and verified with the Italian Landslide Inventory (IFFI Project)
and a map published by Crosta et al. (2003). Possible inaccuracies are caused by secondary processes, e.g. mud flows downstream blurring the delineation of the impact area downvalley.

Fig. 4: Val Pola Rock Avalanche. Distribution of detached and deposited volumes as derived from
the DEM change detection, the flow trimline was mapped from Landsat TM imagery (thick black
line).

r.avalanche was run with different combinations of parameter sets (Table 3), partly following
Crosta et al. (2003, 2004). Crosta et al. (2003) back-calculated an angle of internal friction φ = 45°
for the released mass, and a bed friction angle δ = 18° for the sliding surface. However, they used a
Drucker-Prager model, whilst the Savage-Hutter Model is based on a Mohr-Coulomb model.
Therefore, and since Crosta et al. (2003) used a two dimensional model with plane strain condition, these values are not directly applicable to the present study. Crosta et al. (2004) back-
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calculated the event in a three-dimensional way with a Lagrangian Finite Element Model (LFEM),
assuming a basal friction angle of 22° and a dynamic internal friction angle of 35°. These values
were used as a base also for the present study. However, it has to be emphasized that the parameters were not directly derived from laboratory tests, but indirectly by fitting the model results to
the observations.
The standard cell size for the computation was set to 20 m, according to the DEM used. The model
was also tested with 40 m and 12 m cell size, respectively. Furthermore, two different assumptions
of the talweg (see Fig. 4) were tested: talweg 1 starting farther N than the centre of the affected
area (accounting for the fact that the detached mass moved northwards before converting into a
rock avalanche), and talweg 2 along the centre of the affected area. All simulations were run for a
real-time duration of 300 s, following Crosta et al. (2004) and the observation that no substantial
temporal changes of the height and geometry of the modelled deposit were observed at that time.
The single-phase model used does not allow for considering landslide-river interactions that may
have occurred when the rock avalanche plunged into the Adda river. However, future model development will go in this direction (see Conclusions).
Table 3: Parameter combinations applied for the simulations.

Simulation 01
Simulation 02
Simulation 03
Simulation 04
Simulation 05
Simulation 06
Simulation 07
Simulation 08

Cell size (m)

δ (°)

φ (°)

Talweg assumption

12

22

35

1

20
40
20
20
20
20
20

22
22
22
18
26
22
22

35
35
35
35
35
40
45

1
1
2
1
1
1
1

4 Results
4.1 Test with simple artificial topography
Before being applied to the Val Pola Rock Avalanche, r.avalanche was tested for a simple plane
slope with an inclination of 35°, running out into a horizontal plane. Assuming a hemispherical
starting mass, the simulation was run with four combinations of φ (30° and 37°) and δ (23° and
28°). The model responded much less sensitively to variations of φ than to variations of δ. Maps
and longitudinal sections illustrating the results for φ = 30° are shown in Fig. 5. The patterns
yielded by r.avalanche correspond well to those presented by Wang et al. (2004).
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Fig. 5: Granular flow over an inclined surface running out into a horizontal plane with φ = 30° and
δ = 23° and 28°, respectively: (a) longitudinal profiles, flow depth 15-fold exaggerated compared to
terrain height; (b) flow depth maps (colours for δ = 28° and contour lines for δ = 23°). The shorter
travel distance with δ = 28° is obvious.

4.2 Val Pola Rock Avalanche
4.2.1 Simulation with published friction parameters
The model was first run at a cell size of 20 m (the same as the DEM resolution) with φ = 35° and

δ = 22°, assuming talweg 1 (Simulation 1; see Table 3 and Fig. 4). This simulation can be considered as a validation with the parameters used by Crosta et al. (2004). Figure 6 illustrates the distribution of flow depth at selected time intervals from the onset (t = 0) to t = 300 s, when the flow is
assumed having stopped. 86% of the modelled deposit coincide with the observed area of deposition, and 79% of the observed deposition area are occupied by the modelled deposit (considering
only those areas with depth of deposition >1 m; Table 4). The travel distance modelled for the
central part of the deposit corresponds very well to the observation.
However, some issues become obvious from Fig. 6:
1. some portions of the lateral (northern and southern) parts of the modelled deposit deviate
from the observed deposit. Particularly in the north, the travel distance is underestimated;
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Fig. 6: Time series of flow depth distribution simulated with φ = 35° and δ = 22° at a cell size of
20 m. Only flow depths >1 m are shown.
Table 4: Correspondence of observed and modelled rock avalanche deposit and key output parameters for each simulation: c1 = per cent of surface of modelled deposit with depth ≥1 m located
within the observed deposition area; c2 = per cent of observed deposition area with modelled
deposition of depth ≥1 m; dmax = maximum depth of modelled deposit; vmax = maximum modelled
flow velocity.

Simulation 01
Simulation 02
Simulation 03
Simulation 04
Simulation 05
Simulation 06
Simulation 07
Simulation 08

c1 (per cent)

c2 (per cent)

dmax (m)

vmax (m s-1)

93

73

85

96

86
73
87
85
74
84
82

79
91
75
78
79
82
85

75
39
72

94
86
88

67

107

60

99

69
67

80
97
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2. the depth of the deposit is underestimated: whilst the measured maximum depth is approx.
90 m (Govi et al., 2002), the model yields a maximum depth of 75 m only;
3. already shortly after the onset of the flow (t = 10 s), the simulation predicts a degree of lateral spreading of the flow beyond the observed extent. As a consequence, part of the material crosses the delineation of the catchment and follows gullies north and south of the
main flow path, a behaviour not at all observed in reality.
The lake dammed by the rock avalanche deposit was modelled by filling the sink behind the simulated deposit (see t = 300 in Fig. 6). The extent of the modelled lake corresponds well to the observation on 20 September 1987 (see Fig. 3b), which represents the lake close to its maximum extent.

Fig. 7: Time series of flow velocity distribution simulated with φ = 35° and δ = 22° at a cell size of
20 m.
Besides flow depth, flow velocity is another important characteristics of granular flows (Pudasaini et al., 2005b, 2007; Pudasaini and Kroener, 2008; Pudasaini, 2011b). Flow velocity is more
difficult to verify than flow depth distribution since direct reference measurements are hardly
applicable. Figure 7 illustrates a time series of the distribution of depth-averaged flow velocity.
The maximum simulated velocity is 94 m s-1 at t = 34 s. This value is well within the estimated
range of 76 – 108 m s-1 (Crosta et al., 2004), but appears very high, anyway. Very rapid mass
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movements may reach 100 m s-1 and more (e.g. Scheidegger, 1973; Highland and Bobrowsky,
2008). Evans et al. (2009b) modelled a maximum velocity of approx. 80 m s-1 for the Khait Rock
Avalanche in Tajikistan, characterized by a much lower average slope angle than the Val Pola
event, with DAN. However, velocities of rock avalanches comparable to the Val Pola event typically range from 30 – 50 m s-1. A two-dimensional model yielded a maximum of 50 m s-1 for the
Val Pola event (Crosta et al., 2003). Usually only rock-ice avalanches and related processes move
at much higher velocities (e.g. Evans et al., 2009a).
The values used for φ and δ – and their spatial distribution in particular – are uncertain. Therefore, the sensitivity of the model to variations of these governing parameters has to be evaluated.

r.avalanche is supposed to be sensitive also to changes of the assumed talweg and to the cell size
used for the simulation. Table 4 summarizes the key output parameters for each simulation and
the correspondence of modelled and observed deposit.
4.2.2 Sensitivity to cell size
The simulation was repeated with 40 m (Simulation 2) and 12 m cell size (Simulation 3), leaving
the remaining parameters unchanged (see Table 3). Longitudinal profiles comparing the results to
those yielded with 20 m cell size as well as the maps of the simulated deposits are shown in Fig. 8.
It was observed that the variations of the cell size do not lead to a substantial change in the behaviour of the simulated rock avalanche. However, with coarser resolution, the spreading of the flow
is more pronounced and the simulated flow mass is smoothed, leading to a larger impact area, but
smaller depth of flow and deposit (see Table 4). With 12 m resolution, the predicted maximum
depth of the final deposit (85 m) comes close to the observation (approx. 90 m), whilst with 40 m
resolution, it is clearly underestimated (39 m).
This effect is particularly visible when comparing the results for 40 m and 20 m and much less
pronounced between 20 m and 12 m. A maximum flow velocity of 86 m s-1 was predicted with
40 m cell size, 96 m s-1 with 12 m cell size.
These findings are not surprising as the cell size governs the distance of spreading during each
time step of the simulation. Tests with channelized debris flows have shown that r.avalanche only
works well if the cell size is much smaller than the width of the flow, otherwise lateral spreading
is overestimated. A cell size of 40 m is definitely too coarse for the simulation of the Val Pola Rock
Avalanche. The less pronounced difference between the results yielded with 20 m and 12 m suggests that these values are close to the cell size ideal for the simulation of this specific event
(choosing a too fine resolution would unnecessarily increase computing time).
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Fig. 8: (a) Longitudinal profiles of the flow along the talweg at different time steps with φ = 35°
and δ = 22°: comparison of the results for 12 m, 20 m and 40 m cell size – the result for 20 m is also
shown proportionally to the terrain; (b) flow depth distribution after t = 300 s, computed at three
different cell sizes.
4.2.3 Sensitivity to assumption of talweg
Whilst the talweg is clearly defined in the idealized topography suggested by Gray et al. (1999)
and Wang et al. (2004), the identification of the talweg is non-trivial for the real terrain. A talweg
for the simulation has to be defined manually, based on the geometry and the mechanics of the
flow. Assumption 1, used for most of the simulations presented here (see Table 3), builds on the
fact that the detached mass first moved towards north before rushing down as a rock avalanche:
therefore, the starting point of the talweg is shifted north from the centre line of the affected area
(see Fig. 4). Assumption 2 works with a talweg following the centre line of the affected area and
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was tested against assumption 1 (Simulation 4). The result (comparison of time series of flow
depths) is shown in Fig. 9.
As prescribed by the scheme used, the change in the assumption of the talweg leads to a rotation
of the dominant flow direction, adopting to the direction of the talweg (x-axis in Figs. 1 and 2).
Even though the flow follows the talweg assumption 1 in its initial and intermediate stages, this
effect becomes particularly significant at the valley bottom. The counter-clockwise rotation of the
system, compared to Simulation 1, is best visible in the southernmost part of the deposit. In this
particular case, the modelled travel distance is only slightly shorter with talweg assumption 2, and
a depth of the final deposit of 72 m is predicted instead of 75 m (see Table 4). Despite the comparable outcome regarding these key parameters, the different shapes of the deposits indicate that
there are some cross-slope curvature effects and these effects should have been included (Pudasaini et al., 2005a, b, 2008). However, only the curvature in the downslope direction is considered
here.

Fig. 9: Time series of flow depth distribution simulated with φ = 35° and δ = 22° at a cell size of
20 m, assuming talweg 2. The computed flow depth assuming talweg 1 is shown as reference (see
Fig. 6).
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4.2.4 Sensitivity to friction parameters
The simulation was repeated with δ = 18° (Simulation 5) and 26° (Simulation 6; Fig. 10; see Table 4). The expected effects of reduced flow velocity and resulting delayed motion with increasing
values of δ were observed (Fig. 11). With δ = 18°, the predicted flow velocity peaks at 107 m s-1,
with δ = 26° it reaches 80 m s-1 only. Whilst the simulated maximum travel distance is longer
when assuming a lower bed friction (t = 40 s and t = 60 s in Fig. 10a), the final travel distance at

t = 300 s is almost the same with δ = 18° and with δ = 22° (see Fig. 10b). This phenomenon is explained by the higher tendency of the material to flow back into the main valley with lower bed
friction. Also with δ = 26°, the modelled final deposit reaches approx. as far east as in the other
simulations.

Fig. 10: (a) Longitudinal profiles of the flow at different time steps with φ = 35°: comparison of the
results with δ = 18, 22 and 26° with a cell size of 20 m – the flow depth for δ = 22° is also shown
proportionally to the terrain; (b) flow depth distribution at t = 300 s, computed with three different assumptions of δ.
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Fig. 11: Velocity profiles along the assumed talweg with different assumptions of δ for selected
time steps and for the maximum over the entire flow. The values are positive in downslope direction (from left to right).
An overall look at the deposits shown in Fig. 10b shows that varying the bed friction angle may
result in a highly nonlinear response governed by several factors (see Fig. 10): with δ = 18°, the
maximum thickness of the deposit decreases to 67 m (see Table 4), compared to δ = 22° (75 m), an
effect to be attributed primarily to increased lateral spreading (north–south direction). With

δ = 26°, part of the flow material would remain in the transit and even onset area. The deposit in
general would therefore assume a much more stretched shape in east–west direction, with a maximum depth of 69 m. However, with δ = 26°, the modelled deposit extends farther south than even
with δ = 18°. This counter-intuitive effect illustrates that the numerical model is not designed to
appropriately describe flows on curved flow paths. In this specific case, this affects only the lateral
parts of the flow (flow height ≤5 m) in the downstream direction, larger flow heights are modelled
in a plausible way.
In general, lower values of φ should lead to a thinned deposit due to an increased tendency to
spread out, higher values of φ should have the reverse effect. Also here, the situation is more com-
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plex in natural terrain, particularly in narrow valleys (Fig. 12): internal friction angles of

φ = 40° (Simulation 7) and 45° (Simulation 8) were tested against the value of φ = 35° used by
Crosta et al. (2004). The lowest value of φ caused the model to predict the largest maximum depth
of the deposit (75 m). This actually unexpected outcome is a consequence of the stronger tendency
of material with reduced internal friction to level out and therefore fill up the valley bottom.
When assuming higher values of φ, there is less tendency of the modelled rock avalanche to level
out the valley bottom, and the deposit is spread over a larger area, but with a lower maximum
depth (67 m for φ = 40° and 60 m for φ = 45°). For laboratory-scale flows, the effects of the basal
and internal friction angles are analyzed in detail in Pudasaini and Kroener (2008).

Fig. 12: (a) Longitudinal profiles of the flow at different time steps with δ = 22°: comparison of the
results with φ = 35, 40 and 45° with a cell size of 20 m – the flow depth for φ = 35° is also shown
proportionally to the terrain; (b) flow depth distribution after t = 300 s for three different assumptions of φ.
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5 Conclusions
r.avalanche represents a first attempt to implement a physically-based distributed granular flow
model with Open Source GIS. With respect to travel distance and impact areas, the physical model
considered and computational tool developed are potentially suitable for real avalanche flows.
With its current layout, the model is applicable to large-scale mass movements rather than to
channelized debris flows. If the width of the flow would be much smaller than its length, a very
small cell size (much smaller than the flow width) would be required in order to avoid an unrealistically high degree of lateral spreading. Such a small cell size, however, would lead to unacceptably long computing times.
The travel distance and partly also the impact area of the Val Pola Rock Avalanche were well reconstructed without re-calibration of the input parameters. In contrast, the maximum depth of the
deposit was rather underestimated. The friction parameters used by Crosta et al. (2004) in combination with the talweg assumption 1 lead to the most realistic model results regarding travel distance along the talweg and maximum depth of the deposit. However, also the other simulations
yield parameters of comparable or, for specific parameters, even better quality (see Table 4). The
impact area is best predicted when assuming φ = 45° (Simulation 8). Most simulations failed to
reconstruct the northern distal part of the impact area but the travel distance in the central part
was predicted very well. The same phenomenon is visible in the simulation results of Crosta et al.
(2004), where the underestimation of the northern portion of the impact area is even more pronounced than in the present work.
Whilst a cell size of 40 m is definitely too coarse, the results are only moderately sensitive to a
variation between 12 m and 20 m, so that 20 m cell size is considered acceptable. The modelled
flow velocities of all simulations are in the range of published estimates (Crosta et al., 2004)
which, however, appear high when compared to those specified for other large and rapid mass
movements (see Scheidegger, 1973 for examples).
The quality of the results may be limited by uncertainties in the governing parameters and their
spatial patterns. However, as it stands now, there are some limitations of the physical model and
the numerical model used:
•

r.avalanche is primarily applicable to granular flows with approximately horizontally projected straight flow lines, as this was a basic assumption in the derivation of the model equations
for flows over super-imposed complex terrain by Gray et al. (1999). However, this concept can
further be extended to more general topographies. Whilst the requirement of a straight flow
line is fulfilled by many large mass movements, this assumption fails for most channelized debris or mud flows where the travel distance is much larger than the flow width. For such processes the Pudasaini and Hutter (2003) model, developed for curved and twisted channels,
could be considered (Pudasaini et al., 2005a, b, 2008). An alternative model for arbitrary topography can also be considered. However, it still needs considerable efforts to develop such a
model and to apply it to raster-based GIS;
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•

entrainment of regolith during the flow is disregarded – in the case of the Val Pola Rock Avalanche, entrainment was not extremely significant. However, in general, entrainment plays a
major role for the travel distance of granular flows (e.g. McDougall and Hungr, 2005; Sovilla et al., 2006, 2007; Quan Luna et al., 2012). Therefore, high priority should be given to this
aspect when pushing the model development further;

•

the role of pore water for the motion of the flow is neglected, but many geophysical mass
flows in nature are a mixture of solid and fluid components and should be considered as such
(Iverson and Denlinger, 2001; Pudasaini et al., 2005a).

Attacking the limitations in a comprehensive way will require at least the following steps:
1. selecting and adapting a sound method for modelling rapid granular flows over arbitrary
topography, using and extending the existing theories. Such an approach would have to
build on the latest extensions of the Savage-Hutter model (Luca et al.; 2009a, b, c, d), incorporating particle entrainment and the role of pore fluid (besides water, also air may
play an important role). As explained in Pudasaini (2011a), the rheological model should
take into account different dominant physical aspects as observed in two-phase geophysical mass flows. Such aspects include the solid volume fraction gradient enhanced nonNewtonian fluid extra stress; the generalized interfacial momentum transfer that takes into
account the viscous drag, buoyancy, and the virtual mass; and also the generalized drag
which covers both the solid-like and fluid-like contributions. Such a general model is essential to describe e.g. complex landslide-river/lake interactions.
2. devising an appropriate high resolution shock capturing numerical scheme for solving the
differential equations derived in (1–3). Numerical solutions of the avalanche model equations for arbitrary topography would have to be elaborated (e.g. Bouchut and Westdickenberg, 2004; Pudasaini et al., 2005a, b, 2008);
3. performing more simulation tests and calibrating the model with well-studied granular
flow events.
Since no user-friendly Open Source software for the motion of granular flows (fully incorporating
the relevant physical and geometrical processes) is available at present, the further development of

r.avalanche in terms of the above points would be highly relevant for a reliable process modelling
and the delineation of hazard zones.
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Abstract
A GIS-based model framework, designed as a raster module for the Open Source software GRASS,
was developed for simulating the mobilization and motion of debris flows triggered by rainfall.
Designed for study areas up to few square kilometres, the tool combines deterministic and empirical model components for infiltration and surface runoff, detachment and sediment transport,
slope stability, debris flow mobilization, and travel distance and deposition. The model framework
was applied to selected study areas along the international road from Mendoza (Argentina) to
Central Chile. The input parameters were investigated at the local scale. The model was run for a
number of rainfall scenarios and evaluated using field observations and historical archives in combination with meteorological data. The sensitivity of the model to a set of key parameters was
tested. The major scope of the paper is to highlight the capabilities of the model – and of this type
of models in general – as well as its limitations and possible solutions.

Debris flows, GIS, Simulation, Central Andes, Parameter sensitivity
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1 Introduction
Debris flows are rapid mass movements of water and debris representing a considerable hazard
when interfering with people, buildings, or infrastructures. They are often triggered by heavy or
prolonged rainfall or by extreme snow melt. Mobilization of debris flow material often occurs due
to translational or rotational failure of saturated or undercut slopes or due to entrainment of regolith by surface runoff or by the debris flow itself. Various models exist for simulating the involved
sub-processes, e.g. particle entrainment, regolith hydrology, slope stability, or debris flow motion.
More integrated GIS-based approaches as attempted for example by Burton and Bathurst (1998) or
by Wichmann (2006) are extremely valuable for a quick assessment of debris flow hazard as a response to defined meteorological and hydrological conditions. The present paper describes a
method for integrated modelling of debris flows (from triggering to deposition), based on the
software GRASS GIS. As an Open Source GIS package with focus on raster processing, GRASS
facilitates model development, distribution and evaluation: the program code is freely accessible
and new modules may be added by anybody. Therefore, the entire scientific community has the
chance to contribute to the evaluation of the model and the further development of the program
code. The present paper focuses on the assessment of the potentials and limitations of the model –
and of this type of models in general – and on its sensitivity to certain key input parameters. For
this purpose, various combinations of parameter settings were evaluated using six small catchments in the Central Andes (Argentina and Chile).

2 Background
2.1 Debris flows – landslides or runoff?
At first glance, the term debris flow does not always refer to exactly the same process. Some authors rather consider it as landslide with a fluid-like motion (Burton and Bathurst 1998; Corominas et al. 2003; Moreiras 2004a, b), others consider it as runoff with very high sediment concentration (Rickenmann 1999; O’Brien 2003). However, these two approaches are not necessarily contradictory – they rather depend on whether the observer has a geotechnical or a hydrological
background. As stated by Rickenmann (1999), debris flows are phenomena intermediate between
landslides and runoff. Many debris flow events in the real world share features of both types of
processes, but most of them have a clear tendency to the one or the other. Some authors distinguish between debris flows on slopes originating from landslides and debris flows in channels mobilized in or near to the stream bed (Wichmann 2006). Process chains coupling landslides, runoff
and debris flows are common.

2.2 Modelling of debris flows
Integrated simulation models for debris flows require the inclusion of model components for all
relevant sub-processes, whereby the most important are slope stability, detachment by surface
runoff (both of them including hydraulic triggers), and debris flow motion. The following review
focuses on methods applicable in combination with Geographic Information Systems (GIS).
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2.2.1 Slope stability
The basic concept of slope stability modelling is the factor of safety, or factor of stability, FOS, in
its most simple formulation:

FOS =

stabilizing forces
destabilizing forces

(1).

Values of FOS < 1 indicate unstable conditions. The so-called infinite slope stability model assumes a plane, infinite slope and a plane slip surface parallel to the slope surface. These conditions
are never met in reality but are a reasonable approximation for shallow slope failures. Strictly spoken, the infinite slope stability model works for cohesionless regolith only. Various authors have
applied this method in combination with GIS, like Burton and Bathurst (1998) or Xie et al. (2004),
or coupled to a probabilistic approach, i.e. SINMAP (Pack et al. 1998). The infinite slope stability
model is often coupled to a hydraulic model: seepage forces on the one hand and the change of
effective stress due to pore water pressure on the other hand play a prominent role when regarding slope stability (Wilkinson et al. 2002; Xie et al. 2004).
2.2.2 Detachment and sediment transport
Surface runoff exerts a flow shear stress τ (N m-2) on the underlying regolith:

τ = ρgRS

(2),

where ρ (kg m-3) is the flow density, g (m s-2) is the gravitational acceleration, R (m) is the hydraulic radius, and S (m m-1) is the hydraulic energy gradient. Excess shear stress can be used for computing the detachment capacity Dc (kg m-2 s-1) as follows (Knapen et al. 2007):

Dc = K c (τ − τ cr )

b

(3),

where Kc (kg1-b s2b-1 mb-2) is the concentrated flow regolith erodibility, τcr (Pa) is the critical shear
stress, and b is an exponent. All these parameters have to be derived empirically. Analogous approaches exist for other flow variables, particularly stream power.
The sediment concentration of a flow decreases the flow’s capability to detach more regolith,
probably due to reduced turbulence (Knapen et al. 2007). Some approaches do exist to account for
this effect, for example

 q 
Dr = Dc 1 − s 
 Tc 

(4),

where Dr (kg m-2 s-1) is the detachment rate, qs is the sediment load, and Tc is the transport capacity. If Dr is negative, deposition of the transported sediment starts.
Various authors have suggested predominantly or fully empirical sediment transport equations, for
example Schoklitsch (1962), Yalin (1963), Yang (1973), Bagnold (1980), Low (1989), Govers
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(1990), Rickenmann (1990), or Abrahams et al. (2001). The Rickenmann (1990) equation – only
including bedload – is best suited for relatively steep channels and high load (Hessel and Jetten
2007).
2.2.3 Debris flow motion
The motion of debris flows shows properties different from the flow of clear water, requiring specialized and complex methods to be modelled in a fully deterministic way (Savage and Hutter
1989; Hungr 1995; Iverson 1997). Chau and Lo (2004) modified the model of Takahashi et al.
(1992) in order to model flow path and deposition of debris flows threatening the Leung King Estate (Hong Kong, China), based on a GIS. Implementation of the Savage-Hutter theory into GIS is
a challenge because of non-rectangular coordinate systems used (Mergili et al. 2008).
Table 1 Concepts for modelling the motion of debris flows

Empiricalstatistical
Semideterministic
Deterministic

Description

Potentials

References

Deterministic equations for
flow parameters (velocity),
assumption of mass points
routed with random walk

Case studies at
regional and local
scale

Perla et al. (1980)
Gamma (2000)
Wichmann (2006)

Regression functions,
threshold values, or equivalent friction angles derived
from large datasets of past
events

Physically-based approaches based on rheological
assumptions

Pre-assessment at
regional scale

Detailed studies at
the local scale,
prediction of future events

Vandre (1985)
Rickenmann (1999)
Corominas et al. (2003)

Savage and Hutter
(1989)
Hungr (1995)
Iverson (1997)

Due to these difficulties, more simple models – with due limitations – were developed, particularly
in combination with GIS. Table 1 summarizes the three major categories of models for the motion
and deposition of debris flow material.

3 Study areas
Six small catchments along the international Trans-Andean road corridor from Mendoza (West
Central Argentina) to Central Chile were selected as study areas for the present paper (Fig. 1). The
major geometric characteristics of all the study areas and estimated debris flow volumes are summarized in Table 2. Volumes include the estimated apparent quantity of regolith removed from
the area by debris flow processes. The broad ranges of volumes are primarily related to uncertain
depths.
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Table 2 Geometric characteristics of the study areas and debris flow volumes. A is the total surface
area of the catchment, zmin and zmax are minimum and maximum elevation, αavg is average slope
angle, and V is debris flow volume
Area

La Ampolleta
Quebrada Escondida
Castillo de Rocas
Guido - Las Murallas
Quebrada del Ferrocarril
Guardia Vieja

A (km²)

zmin (m)

zmax (m)

αavg (°)

0.73

1523

2312

33.2

2.31
0.80
0.71
1.66
1.94

1498
1512
1507
2333
1502

2733
2492
2304
4009
2659

25.0
31.9
35.6
34.5
26.9

V (1000
m³)
7 – 15
3–6

7 – 35

10 – 50
20 - 75
>140

Fig. 1 Study areas (shaded relief map derived from SRTM data provided by Jarvis et al. 2008)

Fig. 2 Study area Castillo de Rocas with debris flow channel
Four study areas are located in the Mendoza valley separating the Precordillera and the Cordillera
Frontal at a place called Guido, about 100 km W of Mendoza and 25 km SE of Uspallata. The climate is arid with a mean annual precipitation of 200 mm, occurring primarily as heavy rainstorms
during summer. A large granitic body has produced systems of steep slopes of weathered material,
making the area highly susceptible to debris flows (Fig. 2). Several events have been reported in
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the past (Moreiras 2004a, b, 2005). Quantitative data are available in terms of debris volume removed from the road (Espejo 1996; Table 3).
Two study areas are located on the Chilean side of the Cordillera Principal. Debris flow activity is
well documented for both areas. Also here, the main source of quantitative data were reports specifying the debris volume removed from the international road (Hauser 2000a, b, 2005; see Table 3). Quebrada del Ferrocarril represents a system of gullies draining directly onto the road near
to Portillo, frequently producing debris flows connected to rapid snow melt. Farther down, close
to the village of Guardia Vieja, a mass of till has repeatedly shown aggressive responses to heavy or
prolonged rainfall events, particularly during El Niño periods. The climate has a mediterranean
character with a mean annual precipitation of 500 – 600 mm. In the El Niño year 1987, almost
1,800 mm were recorded at the Río Blanco meteorological station. A period of 6 days with more
than 450 mm precipitation triggered a flow of debris and mud blocking the international road (see
Table 3).
Unfortunately, no long-term records about debris flows exist in the area. All the volumes specified
in Table 3 refer to saturated debris deposits removed shortly after the events.
Table 3 A selection of documented debris flows in the study areas
Date

Study area

13.08.1987

Guardia Vieja

21.03.1996

Guido (all)

08.03.1996

Guido (all)

18.11.2000

Qd. Ferrocarril

21.01.2003
17.11.2004
1

Qd. Ferrocarril
Qd. Ferrocarril

including material from rock fall

Rainfall on
day of event

5 days antecedent precipitation

Removed
vol. (m³)

Source

9.2 mm

2.5 mm

15,0001

Espejo
(1996)

148.0 mm
40.0 mm

snow melt
snow melt
snow melt

309.5 mm
4.0 mm

45,000

Hauser
(2000b)

6001

Espejo
(1996)

10,000
8,000

14,000

Hauser
(2005)
Hauser
(2005)
Hauser
(2005)
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4 Materials and methods
4.1 Data and parameters
Table 4 summarizes the data and parameters used for the study.
Table 4 Input data and parameters
Database

Data format

Use

Sources

Elevation and relief

Spatial (raster)

All model components

Stereo matching of
imagery

Land cover and
surface

Spatial (classes)
and tabular

Hydraulic and slope
stability model components

Historical events

Tabular

Reference for model
evaluation

Imagery

Regolith (physical,
mechanical and
hydraulic parameters)
Meteorological

Spatial (raster)

Spatial (classes)
and tabular

Tabular

4.1.1 Imagery

Derivation of orthophotos, elevation models,
regolith class and land
cover maps
Infiltration model, slope
stability model

Input data for model
scenarios and model
evaluation

Regional, national and
international authorities; own images
Mapping; sampling and
laboratory analysis;
literature values
Mapping; literature
values (see text for
references)
Meteorological services
Official reports

Aerial photographs (scale 1:20,000 and 1:60,000) and SPOT satellite imagery (cell size: 2.5 m) were
obtained, and digital pictures were taken in all study areas. Orthophotographs were generated
from the imagery.
4.1.2 Elevation and relief
High resolution (5 m) digital elevation models (DEMs) for the study areas were created by stereomatching of aerial imagery, of digital photographs taken from the opposite slope (Mergili 2007),
and of SPOT satellite imagery. The DEMs derived from the different sources were combined in
order to make use of the dataset with the best quality for each part of each study area. GPS records
in combination with an ASTER DEM were used in places where stereo-matching failed.
4.1.3 Regolith
Samples were extracted from critical areas in gullies, from the sites of shallow slope failures, from
steep slopes, and from debris flow deposits.
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Fig. 3 Grain size distribution of four selected regolith samples collected from the predominantly
sandy to gravelly granitic residuals near Guido
Table 5 Regolith parameters for different classes and study areas.
Class

n

Text.
class

c
kN m-2
0

43.0

m3

Granitic residual:
La Ampolleta
Quebrada Escondida
Castillo de Rocas

18
(3)

Granitic residual:
Las Murallas

4
(1)

LS

10

39.5

9 (2)

SL

0

40.5

Volcanic residual:
Las Murallas

Till/talus: Quebrada
del Ferrocarril
Till: Guardia Vieja

3
(1)
14
(2)

S

φ
deg.

SL
SL

0
0

41.3
38.2

θr
m-3

0.045

θs
m-3

m3

ψ
m

K
m s-1

0.43

0.050

3.27E-5

0.057

0.43

0.061

8.31E-6

0.065

0.41

0.110

3.03E-6

0.065
0.065

0.41
0.41

0.110
0.110

3.03E-6
3.03E-6

n = number of samples, in brackets number of samples where c and φ were determined. θr und θs
from Carsel and Parrish (1988); ψ and K from Rawls et al. (1983).
All samples were extracted from the upper part of the regolith, directly under the frequently occurring shallow cover of coarse gravel. Grain size distribution and the corresponding texture classes were determined for all the samples in a geotechnical laboratory (Fig. 3). Cohesion c (N m-2)
and angle of internal friction φ were measured with drained triaxial tests for some of the samples.
Hydraulic parameters were derived, using published relationships with texture class (Rawls et al.
1983, Carsel and Parrish 1988): residual water content θr and saturated water content θs (both in
per cent of volume), hydraulic conductivity for the Green-Ampt model K (m s-1), and matric suction at the wetting front ψ (m). Samples with similar properties were aggregated to regolith classes. Class averages of all the parameters were used in the model except for c and φ, where the pairs
leading to the most unstable conditions are shown in Table 5. Basic values of the Manning coeffi-
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cient nman were assigned to each class according to Arcement and Schneider (2000). Due to lacking
spatially distributed information on the vertical structure of the regolith in the study areas, one
single layer of infinite depth was assumed.
4.1.4 Land cover and surface
The spatial distribution of the land cover classes in the study areas was mapped using aerial images, digital photos, and field surveys. Characteristic values of interception capacity, rooting depth,
vegetation surcharge for nman, and root cohesion were assigned to each class according to values
from the literature (Arcement and Schneider 2000; Braud et. al. 2001; Schmidt et al. 2001; Bathurst 2002). The published values for most of the parameters scattered over a wide range. nman was
determined randomly, constrained by the maxima and minima for each land cover class. For the
other values, the averages were applied.
Independently from the land cover classes, two hydrological surface classes HSC were distinguished for each study area, regarding runoff behaviour:
•

HSC = 1 includes all cells containing a large, clearly recognizable flow channel. For each cell,
the width of this flow channel was defined, based on orthophotographs and field studies;

•

HSC = 2 includes cells where slopes are dissected by several small, more or less parallel channels on a sub-cell scale (where runoff concentrates quickly after its initiation), surface runoff
occurs as unconcentrated overland flow, or no surface runoff occurs at all. Spatially distributed
average channel densities were assigned to the cells of this class and expressed as ratio of the
total cell size.

The purpose of the hydrological surface classes and also their definition is closely related to the
raster resolution. Let us assume that the model is run with a resolution of 10 m.
First, let us imagine that the terrain forms several small flow channels on sub-cell scale, which –
altogether – occupy 20 per cent of the length of each contour line. This would mean that surface
runoff would only occur on 20 per cent of the cell, or a width of 2 m. Assuming the water to flow
over the entire cell would lead to a misestimation of flow depth and, as a consequence, flow velocity, infiltration etc. Therefore, a ratio of flow width to cell width is defined (in the above example
0.2), based on field studies and imagery interpretation, and water is only allowed to flow over the
portion of the cell defined by this ratio. Such a raster cell would assume HSC = 2. With unconcentrated overland flow (no recognizable channels), the ratio would be 1.0.
Second, let us imagine a flow channel with a width of 15 m. Again, just working with the cell size
would be inappropriate. Such larger flow channels are usually well defined by flow accumulation
in the GIS. Therefore, with the presence of such channels, the channel width (in m) is assigned to
each cell along the flow path and these cells are assigned HSC = 1, whilst the adjacent cells (which
also contain parts of the channel) are HSC = 2. Very wide channels (more than two times the cell
size) are also assigned HSC = 2 with a ratio of 1.0.
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In summary, the HSC concept helps to reduce the influence of the cell size on the model results.
With a very fine spatial resolution (cell size smaller than the width of the narrowest flow channel), the definition of HSC would become obsolete.
4.1.5 Historical data
Published literature (Hauser 2000a) and official reports (Espejo 1996; Hauser 2000b, 2005) were
used for model evaluation. They denote efforts and costs for re-establishing transit after debris
flows interfering with the international road. These documents include information on the quantities of debris deposited on the road (see Table 3).
4.1.6 Meteorological data
Data on precipitation in the study areas were required for simulating historical or worst-case
events. Since no meteorological stations are located in the study areas themselves, the stations
Guido and Río Blanco (between 2 and 10 km away from the study areas) had to be used. Precipitation data were available on a daily basis. Breaking down daily precipitation P (mm) into short time
intervals was done by assuming different scenarios, based on qualitative information and the
known climatic characteristics of the areas. The scenarios were described by duration dp (hours)
and maximum intensity ip (mm per hour):

ip =

P
d p − d p ,t

(5),

Transition periods dp,t were assumed at the start and the end of the events.

4.2 The model framework r.debrisflow
4.2.1 General model layout
A model framework for the integrated simulation of debris flows triggered by short-duration,
high-intensity rainfall events was developed. The tool – named r.debrisflow – was designed as a
raster module for the Open Source GIS software GRASS, based on the programming language C. It
was kept relatively simple in its first version presented here, but was also designed in a way allowing to be extended with more sophisticated modules in the future.

r.debrisflow combines physically-based, deterministic model components and components based
on empirical-statistical relationships. It couples a hydraulic model, a slope stability model, a sediment transport model, and a model for debris flow motion (Fig. 4). Simulations are run for a userdefined number of time steps. The slope stability model and the model for debris flow motion,
depending on the output of the other components, are run at the end of the last time step.
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Fig. 4 General model layout of r.debrisflow
4.2.2 Hydraulic model components
Rainfall is retained by the vegetation as interception until the interception capacity is reached.
The excess rainfall is added to the water table in the regolith as effective rainfall.
Potential evapotranspiration is set to zero as the model is designed primarily for short and intense
rainfall events where evapotranspiration is rather negligible.
The Green and Ampt (1911) approach is used for computing infiltration and saturated depth, assuming a wetting front as interface between saturated (above) and unsaturated regolith (below)
moving downwards (Fig. 5). Infiltration capacity f (m s-1) is expressed as

 R +ψ
f = K 1 + 0
d0






(6),

where d0 (m) is the depth of the wetting front before infiltration, and R0 (m) is the flow depth of
the surface water before infiltration. K (m s-1) and ψ (m) are parameters estimated from the grain
size class (see Table 5). According to Erickson and Stefan (2007), the values of saturated hydraulic
conductivity Ks provided by Rawls et al. (1983) are divided by 2 to be applied to the Green-Ampt
model in order to account for the unsaturated flow. Equation 6 is derived from Darcy’s law. In
contrast to some other applications of the Green-Ampt approach, the influence of R0 on the pressure head is not neglected. If R0 > f Δt, infiltration is limited by infiltration capacity, and the residual water contributes to surface runoff. The depth of the new wetting front d (m) is computed
as

d = d 0 + ∆t

f
∆θ

(7),
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where Δθ (m3 m-3) is the moisture deficit of the regolith, and Δt is the time step length. The remaining flow depth R (m) follows the relationship

R = R0 − ∆t ⋅ f

(8).

If R0 ≤ f Δt, all water infiltrates:

d = d0 +

R0
∆θ

(9),

and R = 0. The Green-Ampt approach, in a strict sense, was developed for horizontal surfaces, but
is also applied for slopes. Chen and Young (2006) showed that on slopes ≤ 45°, the effect of slope
angle is negligible, compared with other sources of inaccuracies. Slope-parallel seepage is neglected in the hydraulic model. For the present study, infiltration is set to zero for bedrock surfaces and
all the surface water is considered as surface runoff there. This simplification was required due to
the lack of data on the degree of fissuring and related infiltration patterns.
Infiltration is computed separately for regolith below flow channels and in between flow channels. This means that for cells with HSC = 2, two independent infiltration rasters are computed:
one applicable for the part where surface runoff occurs (defined by the channel density), and another for the remaining part.

Fig. 5 Infiltration model (modified Green-Ampt approach). Vsurf = volume of surface water before
infiltration, Vinf = infiltrated volume
After infiltration, the remaining surface water of the depth R is assumed to concentrate in the
flow channels immediately and to run off superficially. Water discharge per unit width q (m2 s-1) is
approximated using Manning's equation:
5

1
1
q = vf R =
R 3 (sin α ) 2
n mαn

(10),

Appendix A8 – GIS debris flow simulation 277

where vf (m s-1) is the runoff velocity, α is the local slope angle in degrees, and nman is the Manning
coefficient representing surface roughness. Surface runoff is computed in different ways for the
hydrological surface classes:
•

HSC = 1 (defined channel): the water is routed through the channel with only one possible
downward direction from each cell;

•

HSC = 2 (slope with numerous small channels or no channels at all): the water is routed
downwards assuming the defined channel densities on a sub-cell scale and a random walk
weighted for slope angle.

The length of one time step Δt (s) is defined as

∆t = a d cell v max

(11),

where dcell (m) is the cell size and vmax (m s-1) is the maximum flow velocity over the entire area.
The constant a is a safety factor ≤ 1 to assure numerical stability (CFL condition). It was set to 0.5.
Too short time steps would unnecessarily increase the computing time.
4.2.3 Sediment transport model
If the actual sediment load of surface runoff is below transport capacity, regolith from the bed is
eroded, whilst sediment is deposited in the reverse case. This point of view neglects possible surface armouring, the effects of which are planned to be included in the future development of the
model.
Only bedload is considered for the computation of sediment transport and the evolution of debris
flows. Runoff is considered to follow (10) below a certain threshold of sediment concentration (see
Sect. 4.2.5); at higher sediment concentration it is considered as debris flow.
The Rickenmann (1990) equation is used in the model for estimating sediment transport because it
is best suited for relatively steep channels and high sediment concentrations:

12.6  D90 


qb =
(s − 1)1.6  D30 

0.2

(q − qcr )(sin α )2

(12),

where qb (m2 s-1) is the volumetric bedload transport per unit width, s is the ratio of grain density
to fluid density, D90 and D30 (m) are the grain sizes where 90% and 30% per weight, respectively,
are finer, q (m2 s-1) is the fluid discharge per unit width, and α (degree) is the local slope angle.

qcr (m2 s-1) is the threshold discharge for sediment transport:

q cr = 0.065(s − 1)

1.67

g 0.5 D50

1.5

(sin α )−1.12

(13),

where D50 (m) is the median grain size, and g (m s-2) is the gravitational acceleration. Erosion (detachment of regolith) or deposition dw (m), depth of bedload l (m), and sediment concentration

C (m3 m-3) are then derived:
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d w = ST (l 0 − qb v l ) for l 0 < qb vl

(14),

d w = ST (l 0 − qb vl ) for l 0 > qb vl

(15),

l = l 0 − d w = qb vl

(16),

C = l (l + R )

(17),

where l0 (m) is the initial depth of bedload and vl (m s-1) is the bedload velocity. The dimensionless
calibration parameter ST was introduced for constraining the rate of detachment and deposition
(see Sect. 6.3). Negative values of dw (14) indicate detachment, positive values (15) indicate deposition. All the sediment deposited is considered as saturated, and the depth of the wetting front below the flow channel is corrected for detachment and deposition.
4.2.4 Slope stability model
It is presumed that slope failures only occur at the wetting front. The infinite slope stability model
is employed for the calculation (Fig. 6), assuming a slope-parallel flow that exerts a destabilizing
seepage force. As discussed above, the infiltration model only includes vertical water flow within
the regolith. Assuming slope-parallel flow at the end of the event is therefore a worst-case assumption which is met when the saturated zone is underlain by an impermeable layer (for example bedrock). The dimensionless factor of safety FOS is stated as

FOS = T f

(T + Fs )

(18),

where Tf is the shear resistance force of the regolith, T is the shear force and Fs is the seepage force
(all in N; see Fig. 6). The shear resistance force is derived from Coulomb’s law, and the shear force
from a simple mechanical relationship:
T f = γ '⋅∆x ⋅ d cos α tan ϕ + c ⋅ ∆x cos α

(19),

T = γ '⋅∆x ⋅ d sin α

(20),

where φ is the angle of internal friction, c (N m-2) is the cohesion (cohesion of the regolith cs plus
root cohesion cr), Δx (m) is the width of the considered slope segment in downslope direction, and

α (degree) is the slope angle. γ’ (N m-3) is the specific weight of saturated regolith, including buoyancy:

γ ' = γ d + γ w (θ s − 1)

(21),

where γd is the specific weight of dry regolith, γw is the specific weight of water (both in N m-2),
and θs (m3 m-3) is the saturated volumetric water content. The seepage force exerted by the water
in the regolith is stated as

Fs = ∆x ⋅ d ⋅ γ w sin α

(22).
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The forces exerted by the surface water R (m) are neglected in the model. Dry and cohesionless
regoliths (Fs = 0; c = 0; γ’ = γd) are stable when α < φ, and unstable when α > φ.

Fig. 6 Slope stability (infinite slope stability model)
4.2.5 Debris flow motion and deposition
O’Brien (2003) stated that debris flows are characteristic at a sediment concentration between

Cmin = 0.45 and Cmax = 0.55. The lower threshold is well within the range suggested by other authors, whilst much higher values for the upper threshold, up to Cmax = 0.90, were reported (see
Coussot and Meunier 1996). Sediment concentration C of surface runoff is therefore tested against

Cmin after each time step. If C < Cmin, the flow continues as surface runoff. If C ≥ Cmin, the material
is retained from sediment load in order to be routed down as debris flow at the end of the last time
step. At the same time, patches of failed regolith are considered as potential source areas of debris
flows, too.
Before routing the debris flow downwards, the volume and the area of each of those patches are
calculated. If one of these values is below a user-defined threshold, the patch is not further considered. The infinite slope stability model used is only valid as long as the unstable areas are large
enough to develop quasi-plain slip surfaces.
The travel distance is computed using a semi-deterministic two-parameter friction model developed by Perla et al. (1980), modified by Gamma (2000) and applied by Wichmann (2006) in a raster-based GIS environment. Since the model is not fully deterministic, a routing algorithm has to
be used. It is determined according to the hydrological surface class:
•

HSC = 1 (defined channel): the debris flow is routed through the channel with only one possible downward direction from each cell. As soon as deposition occurs within a channel, the
corresponding cells are considered as HSC = 2 for the remaining simulation;

•

HSC = 2 (no clearly defined channel): a random walk weighted for downslope angle is applied
for routing the debris flow.
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Each raster cell defined as onset area of debris flows is passed through the routing procedure as
individual mass point. The velocity of the debris flow v (m s-1) is computed for each step (i.e. each
raster cell the mass point is passed through) i:

(

)

M 
vi = δ i   1 − e β i + vi2−1e β i cos(Dα i )
 D i

(23),

where M/D (m) is the mass-to-drag ratio, and vi-1 is the debris flow velocity of the previous step.
The factor δi and the coefficient βi are derived as follows:

δ i = g (sin α i − µ cos α i ) ,

ßi =

− 2 Li
(M / D )i

(24),

where g is the gravitational acceleration (9.81 m s-2 on the earth surface), αi is the local slope angle, μ is the dimensionless friction coefficient, and L (m) is the length of one cell in slope direction. ∆αi is the difference between the slope angle of the previous cell and the slope angle of the
considered cell, set to zero for convex slopes or channels (Wichmann 2006). For concave slopes, vi1

is corrected as the flow loses energy:

vi −1 = vi −1, 0 cos(α i −1 − α i ) if αi-1 > αi

(25),

where the subscript i-1 stands for the previous step (i.e. the previous upslope cell), and 0 for the
original value. Values of M/D = 75 m were applied, following Wichmann (2006). The following
relationship for μ was found to be useful for computing the maximum travel distance (Gamma
2000):

µ = 0.13 A −0.25

(26),

where A (km²) is the catchment size for the considered cell. It is assumed that μ would decrease
with increasing a because the water content of the debris flow would rise. This relationship was
used in r.debrisflow. Following Gamma (2000), the range of values of μ would be restricted to a
maximum of μmax = 0.3 and a minimum of μmin = 0.045, overruling (26). Wichmann (2006) suggested to set μmin = 0.15.
The two-parameter friction model does not give information on entrainment and deposition. Simple thresholds of slope and velocity are used for delineating these processes in r.debrisflow. Entrainment (as far down as to the wetting front) is only assumed if both values are above the
thresholds, whilst deposition is assumed to take place only if both values are below. Routing continues until the debris flow has stopped. This happens when the square root in (23) becomes undefined.
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4.3 Model scenarios and evaluation
4.3.1 Scenarios
A number of rainfall scenarios was assumed for each study area (except Quebrada del Ferrocarril),
based on meteorological and historical information (Table 6).
Table 6 Rainfall scenarios used in the model
Scenario
1
2
3
4
5
6
7
8

Rainfall
sum
mm
458
100
100
40
40
40
10

Met. station

Max. intensity
mm h-1

Duration
(peak+
transition)
min

LA

Guido

100

40+40

x

x

x

x

Guido

40

40+40

x

x

x

x

Río Blanco
Guido
Guido
Guido
Guido

not defined

50

100+40

20

100+40

80
10

0+40

40+40

defined starting areas of debris flows

x
x
x
x

QE

x
x
x
x

CR

x
x
x
x

LM

QF

GV
x

x
x

x

LA La Ampolleta; QE Quebrada Escondida; CR Castillo de Rocas; LM Las Murallas; QF Quebrada

del Ferrocarril; GV Guardia Vieja

4.3.2 Comparison to observations and reports
Not all the parameters required for running r.debrisflow were fully known. This means that the
simulation results had to be validated with data on real debris flows. The sediment volumes deposited on the road calculated by the model were compared with the volumes removed from the international road according to official reports (see Table 3). Furthermore, the distribution of starting areas and deposits of debris flows was compared with landslide scars, flow channels, and the
maximum extent of debris flow deposits recognizable in the field, on aerial images, and on published photographs.
4.3.3 Analysis of parameter sensitivity
The parameters determining the occurrence or non-occurrence of debris flows are often uncertain, particularly regarding their spatial distribution. A careful analysis of parameter sensitivity
was therefore conducted for assessing the dependency of debris flow occurrence in the study areas
on variations of the key parameters:
regolith hydraulic properties, calibration parameters for the sediment transport model, regolith
and root cohesion cs and cr, angle of internal friction φ, influence of drainage direction on slope
stability, parameters for modelling the motion of debris flows, and spatial resolution (cell size).
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5 Results
A detailed discussion of the model results for all of the study areas and all the rainfall scenarios
would go beyond the scope of the present paper. Scenario 2 (100 mm in 80 min; see Table 6) for
the study area Castillo de Rocas will be presented in detail. Debris flows have repeatedly interfered with the road there in the past and therefore the most reports are available. Furthermore,
the model is best applicable to this study area as debris flows start from shallow slope failures and
detachment by surface runoff.
The thin black lines in the maps of Figs. 7–18 delineate onset and entrainment areas of observed
debris flows; the bold black lines indicate observed areas of deposition.

Fig. 7 Depth of the wetting front for Scenario 2 with different values of K

5.1 Infiltration
The infiltration behaviour and the resulting depth of the wetting front are sensitive to a large
number of system parameters like pre-wetting of the soil, field capacity, and hydraulic conductivity, all of which are uncertain. Fig. 7 illustrates the depth of the wetting front for different values
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of the hydraulic conductivity K, ranging from 0.25 Ks to 1.0 Ks for Scenario 2. Increased values of

K result in a more rapid infiltration of the surface water and therefore a pronounced increase in
the depth of the wetting front beneath the flow channels at the base of bedrock slopes, with a lot
of surface water available. Due to the steepness of such areas, an increased potential starting volume of debris flows is the consequence. In contrast, the minimum depth of the wetting front (in
between flow channels) is limited by water supply and shows a very low sensitivity to variations
of K (Fig. 8). The result with 0.5 Ks was used for the further calculation, following Erickson and
Stefan (2007).
The depth of the wetting front is determined not only by the system parameters and the rainfall
sum, but also by rainfall duration. Assuming an event of 100 mm with a duration of 140 min (Scenario 3), the model yielded a deeper wetting front – and therefore a larger volume of regolith
prone to instabilities – than for Scenario 2 (Fig. 9).

Fig. 8 Sensitivity of the depth of the wetting front and the saturated volume to hydraulic conductivity (same settings as in Fig. 7)

Fig. 9 Modelled temporal development of the depth of the wetting front and velocity of surface
runoff for Scenario 2 (left) and Scenario 3 (right)
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5.2 Detachment by surface runoff
Since there was no way to compute the velocity of the load vl in a straightforward way, it was
defined by the ratio of flow velocity to load velocity vf/vl. Four combinations of vf/vl and ST were
tested for Scenario 2. As expected, smaller values of vf/vl (higher load velocity) lead to a more even
distribution of entrainment along the flow path, whilst larger values of vf/vl (lower load velocity)
result in more pronounced entrainment in the upper portion of the flow path (Fig. 10): with lower
load velocities, the potential load depth is larger than with a higher load velocity and the same
load discharge, but the flow becomes saturated sooner.
Varying the calibration factor for detachment capacity ST also led to the expected outcome: with
higher values of ST, the flow soon becomes saturated and much less detachment occurs in the
lower portion of the flow channels.
For all four parameter combinations, detachment was predicted predominantly in flow channels
and at the base of bedrock outcrops (for the reasons explained above). Observed debris flows onset
areas were concentrated particularly in those zones. However, the model results should rather be
considered as qualitative information due to the limitations of the Rickenmann (1990) model for
such an application and lacking direct reference data (see Sect 6.3). Most of the major simulated
starting areas of debris flows coincided with those identified as mechanically unstable (Fig. 11; see
Fig. 13). Therefore, only the latter were considered for debris flow motion since their modelled
distribution could be justified in a much better way.

5.3 Slope stability
The geotechnical analysis of the samples extracted from the granitic regolith in the study area

Castillo de Rocas yielded values of φ between 36.2° and 43°, and cs between 0 and 23 kN m-2. As cs
and φ derived from one single triaxial test have to be treated as a pair and not as separate values,
the slope stability model was run with each of the four derived pairs, in addition to regularly varying each of the values.

Fig. 10 Simulated depth of detachment by surface runoff (Scenario 2)
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Fig. 11 Simulated depth of onset of debris flows from sediment-laden runoff (Scenario 2)
This analysis showed a tremendous sensitivity of the model results particularly to cohesion. As to
be expected for shallow instabilities prevailing in the study area, also moderate cohesion values
(4 kN m-2) led to a drastic reduction of the potentially unstable areas, compared to non-cohesive
regolith, also with lower values of φ (Figs. 12–14). When applying the pairs cs = 10 kN m-2;

φ = 39.5° and cs = 23 kN m-2; φ = 36.2°, no slope failures were simulated at all.
As the unfavourable conditions are of more interest for the present study and as variations of the
parameters are rather supposed to be fine-scaled (meaning that unfavourable conditions occur in
each small patch of slope and govern its stability), the pair with cs = 0 kN m-2 and φ = 43° was further applied in the model. Areas with FOS < 1 are mainly concentrated in steep channels and directly upslope from the road, corresponding well to field observations (see Figs. 12 and 13).
For the cohesionless regolith in the study area, the depth of the wetting front does only influence
depth, but not the spatial distribution of potentially unstable areas unless another regolith layer
comes into action or rooting depth is exceeded.
Two further tests of parameter sensitivity for slope stability were conducted (Fig. 15):
•

Omitting root cohesion had a significant effect on slope stability – almost the entire regolith
slopes were identified as unstable. Vegetation obviously inhibits the onset of debris flow processes, but on the other hand also establishes better in undisturbed areas;

•

The direction of water movement in the regolith turned out to be important, too: with vertical
drainage, the slopes are much more stable than with the standard slope-parallel water movement in the regolith.

5.4 Debris flow motion
Various combinations of μ, M/D, and slope and velocity thresholds for entrainment and deposition
were tested in order to determine the set of parameters reproducing the observed patterns in the
best way.
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Fig. 12 Factor of safety with different combinations of cs and φ

Fig. 13 Depth of potential slope failures with different combinations of cs and φ

Fig. 14 Dependency of the volume of potential slope failures in the study area Castillo de Rocas on
cs and φ, based on Scenario 2
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Fig. 15: Factor of safety with disregard of root cohesion (left) and with vertical drainage (right)

Fig. 16 Simulated depth of debris flow deposits in the study area Castillo de Rocas, comparing different values of μ
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The lower part of the study area Castillo de Rocas is crossed by a road, characterized by a very
small slope angle, whilst the slopes directly upwards show slope angles up to 30° or more.
Downslope from the road, the slope is steep again down to the valley bottom. These characteristics
clearly govern the patterns of debris flow deposition suggested by the simulation: except for some
patches in the flow channels, two clearly defined domains of deposition are visible – one of them
on or directly adjacent to the road, the other one where the slope merges with the valley bottom.
The relative importance of the two deposits shifts depending on the combination of parameters
used (Figs. 16–18). In reality, most of the material from past debris flows was deposited on or directly adjacent to the road. With increasing μ, the simulated debris flow volume deposited on the
road steadily decreases from 4490 m³ (μ = 0.05) to 2800 m³ (μ = 0.3): with higher bed friction,
more material would already be deposited farther upslope.

Fig. 17 Simulated depth of deposits with M/D = 37.5 (left) and M/D = 150 (right)

Fig. 18 Simulated depth of deposits with different criteria for entrainment and deposition areas
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The best fit with the observed travel distance of most of the material was found with the parameters μ and M/D proposed by Wichmann (2006), with μ as a function of the catchment area (see
Eq. 26), and with thresholds of 20° (slope) and 15 m s-1 (velocity) for entrainment and deposition.
With these parameters, 2760 m³ of debris were predicted to deposit on the road. Assuming M/D =
37.5 yielded a value of 2240 m³, doubling M/D to 150 yielded 4380 m³. A sensitive response was
also observed when varying the slope and velocity thresholds for entrainment and deposition.
With 25° and 20 m s-1, much of the material was deposited farther upslope and only 1530 m³ on
the road, whilst with 15° and 10 m s-1, 6750 m³ of debris were deposited on the road, according to
the simulation.
It turned out hard to reproduce the observed patterns of deposition in a satisfactory way:
•

part of the deposits was removed directly after the event in order to re-establish traffic on the
road, so that the reference data are incomplete;

•

this type of model does not represent the process in a fully deterministic manner, so that it is
only possible to reproduce one single parameter of interest, e.g. travel distance, rather than to
fit the simulation to all observed debris flow characteristics. This aspect is also the reason for
the fact that the modelled velocities were rather too high, exceeding 20 m s-1.

5.5 Sensitivity of the model to cell size
Within the range of 5 – 10 m, the infiltration model, the surface runoff model, and the slope stability model are not very sensitive to variations of cell size (Fig. 19 and Table 7). Also with 20 m
cell size, the key output parameters remain within the same magnitude, supporting the applied
concept of hydrological surface classes.

Fig. 19 Sensitivity of the depth of the wetting front and the maximum velocity of surface runoff
to variations in cell size (5 m, 10 m, and 20 m)
The sediment transport model reacts sensitive to a change from 5 to 10 m cell size: errors caused
by moderate topographic smoothing multiply by numerous feedback effects. Whilst the debris
flow motion model in general turned out to be relatively robust against changes of cell size, the
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predicted deposit on the road is highly sensitive. This is mainly due to the limited width of the
road, which is not properly represented when applying a cell size of 10 or 20 m.
According to Wichmann (2006), the applied type of debris flow motion model is not very sensitive
to cell size until 25 m. A further reduction of spatial resolution is supposed to smooth out important topographic features, negatively affecting the quality of the results of all model components.
Table 7 Sensitivity of selected output parameters to cell size. vmax = maximum velocity of surface
runoff, dmax = maximum depth of the wetting front, Vdet = volume of regolith detached by surface
runoff, Vfp = volume of regolith with FOS < 1, Vdr = debris flow volume deposited on the road. The
percentages denote the changes compared to the results computed with a cell size of 5 m
Cell size
5m

10 m
20 m

vmax (m s-1)

3.33
3.31

-0.6%

dmax (m)

0.94
0.92

-2.1%

Vdet (m³)

9561

Vfp (m³)

37881

7024 -26.5% 38050

0.4%

Vdr (m³)

2849
2020

3.85 15.6% 0.78 -17.0% 4295 -55.1% 33206 -12.3% 1078

-29.1%
-62.2%

5.6 Comparison with reports and field observations
Table 8 provides a comparison of the modelled debris flow starting volumes and deposits to the
reference volumes. In all cases, simulated and reported values correspond in their order of magnitude. However, it was not possible to confirm an increase of debris flow volume with increasing
rainfall. For the Guido area, a 600 m³ deposit on the road was reported for a 40 mm rainfall event,
whilst 15,000 m³ were reported for a 9.2 mm rainfall event a few weeks earlier (Espejo 1996). This
may reflect the small-scale patterns of precipitation in and around the study areas as well as the
influence of available unstable material (much may have been removed during the first event).
However, it also illustrates the virtual impossibility to perform spatio-temporal predictions with
this type of model. Much more, approaching worst case scenarios is a realistic goal.
For the study area Guardia Vieja, the spatial patterns of slope failure were not predicted in a satisfactory way. This is not surprising because the instabilities there were rather deep-seated rotational, caused by longer rainfall events (several hours to days), so that neither the Green-Ampt approach nor the infinite slope stability model were well applicable. For Quebrada del Ferrocarril,
only debris flow motion was computed with defined starting areas since debris flows there were
predominantly triggered by rapid snow melt and specific circumstances (Hauser 2000b). Most of
the debris flows in the study area Quebrada del Ferrocarril were simulated to cease close to their
starting areas when using μmin = 0.15 according to Wichmann (2006). When following Gamma
(2000) and setting μmin = 0.045, as well as reducing the slope threshold for entrainment and deposition, the model results corresponded much better to the reference information. This may indicate
a higher water content of the flows.
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Also for the remaining study areas, μ as well as the thresholds for entrainment and deposition had
to be calibrated in order to match the simulated travel distance with the field observations. Table
9 illustrates the values applied.
Table 8 Ranges of volumes included in debris flows according to the different scenarios for all the
study areas used
Study area
La Ampolleta

Modelled
starting
volume
(m³)

Estimated
starting
volume
(m³)

Modelled
deposit
on road
(m³)

2,000 –
13,200

3,000 –
6,000

300 –
2,500

7,200 –
70.400

Quebrada
Escondida
Castillo de
Rocas
Las Murallas
Quebrada
del Ferrocarril
Guardia
Vieja

5.800 –
57,200

7,000 –
15,000
7,000 –
35,000

22,100 –
37,900

10,000 –
50,000

1,969,000

>140,000

36,000

20,000 –
75,000

300 –
4,300

Reported
volume on
road (m³)
600 –
15,000

Reports include some
material from rock fall;
no more differentiated
data available

8,000 –
14,000

Defined starting volume
(snow melt-triggered
debris flows)

200 –
4,400
700 –
1,700
9,800
100,000

Remarks

45,000

Infiltration of entire
effective rainfall assumed

Table 9 Parameter settings found to be suitable for the study areas
Study area
La Ampolleta
Quebrada Escondida
Castillo de Rocas
Las Murallas
Quebrada del
Ferrocarril
Guardia Vieja

M/D
(m)

μ

μmin

μmax

75

0.25

-

-

75

0.13a-0.25
0.13a-0.25

0.15

0.045

75

0.1

-

75
75
75

0.25

0.045

-

-

Slope
threshold
(°)

Velocity threshold
(m s-1)

0.3

20 (27.5)

15 (17.5)

-

15

10

-

0.3
-

15
15
20
8

10
10
15
10
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6 Discussion
6.1 General aspects
In general, the observations and historical records for the study areas were reconstructed well by
the model, the limitations are discussed below. The prediction of the response to specific rainfall
events and the derivation of rainfall thresholds are particularly problematic due to the model used
for water flow in the regolith (saturation of the uppermost regolith layer also with minor rainfall
events) and, specifically for the study areas used, lacking correlation between magnitude of reported events and corresponding rainfall data. The suitability of the model – and of this type of
models in general – for Class A predictions (such predictions made before the event without model calibration by direct reference data, Lambe 1973) turned out to be very limited. Specific issues
related to each model component and possible solutions are briefly discussed below.

6.2 Infiltration model
Water movement in the regolith was modelled in a plausible way without calibration, but the
possibilities for direct validation were limited. Unsurprisingly, the infiltration model reacts highly
sensitively to the soil hydraulic parameters. Soil hydraulic conductivity K is of particular interest
as significantly different values appear in the literature for one and the same class of regolith
(Rawls et al., 1983; Carsel and Parrish 1988) and there is disagreement whether to use saturated
hydraulic conductivity Ks or not (Xie et al. 2004; Erickson and Stefan 2007) when employing the
Green-Ampt model. Furthermore, the spatial distribution of soil classes is often fine-scaled, but –
as in the present study – lumped values have to be used for entire slopes due to lacking information at a higher level of detail. Considering all these problems, it is possible only to provide a
range of realistic depths of the wetting front.
The response of the model to variations of K is not linear. With higher hydraulic conductivity,
surface water flow moving from upslope bedrock onto the regolith-covered slope infiltrates faster,
so that the flow does not reach as far down as with lower values of K. Therefore, areas with deeper
wetting front despite lower K exist at some distance downslope or downstream of rock outcrops
(see Fig. 7).
The hydraulic status of the soil at the beginning of the triggering event is an additional source of
uncertainty: pre-wetting significantly changes the infiltration and runoff behaviour.

6.3 Sediment transport model
It turned out that the straightforward implementation of an adequate sediment transport algorithm was not possible. The Rickenmann (1990) approach appears best suitable for the conditions
in the study areas (Hessel and Jetten 2007), but its usefulness in a dynamic model is limited by the
following serious problems:
•

the velocity of the bedload transport does not equal the velocity of the water flow. This fact
does not matter when only the bedload transport capacity is considered, but it does when
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routing the bedload downstream and dynamically computing potential detachment and deposition on a pixel base. The ratio of water velocity to bedload velocity is hardly known.
•

the approach does not provide any information on possible rates of detachment and deposition, only about a dynamic equilibrium. This complex of problems could be attacked by combining the Rickenmann algorithm with detachment algorithms (see Sect. 2.2.2 for references),
but a careful calibration of the parameters with real data would be needed.

Furthermore, the approach was developed and calibrated for channels ≤20° and reacts very sensitive to variations of the slope (Hessel and Jetten 2007), so that more experimental work would be
required to make it better applicable to the catchments used in the present study. The disregard of
suspended load may lead to additional inaccuracies.

6.4 Slope stability model
In general, domains with lower computed values of FOS corresponded well to areas where onset
areas of debris flows were observed. The limiting factor for the success of such simulations, however, is the lack of knowledge on the spatial distribution of the parameters governing slope stability. The results of the geotechnical analyses performed in the present study illustrate the huge
variation of the parameters even in areas with rather homogeneous regolith. However, under such
conditions, the variations are rather supposed to occur in a small-scale pattern. Therefore it appears acceptable to use the most unfavourable set of values for deriving worst case scenarios.
However, a better understanding of the spatial distribution of the key parameters – including the
vertical structure of the regolith (depth, impermeable layers, pre-wetting etc.) – would be required for reducing the uncertainties. In addition, high-resolution imagery and DEM information
from directly before and after the event would be extremely helpful to better constrain starting
areas and involved volumes.
The model turned out unsuccessful in areas with prevailing rotational slope failures, particularly
in the study area Guardia Vieja. Algorithms required to model rotational failures differ substantially from the infinite slope stability concept. Several models are applied by geotechnicians (e.g.
Schneider-Muntau and Fellin 2005), but GIS-based approaches are rare due to the non-trivial implementation of appropriate algorithms and iteration procedures as well as due to the problems
with 3D processes in 2D raster systems. Xie et al. (2003; 2006) criticized the concentration on the
infinite slope stability concept in slope stability modelling and introduced a GIS-based model for
rotational failures. Mergili and Fellin (2009) implemented a model for rotational failures based on
GRASS GIS which shall be included in r.debrisflow in the future.
Another source of uncertainty is the issue of process interactions. In many cases it is not trivial to
decide whether a debris flow did actually start from slope failure (FOS < 1) or from detachment –
in some of the study areas presented, there is good reason to assume that both processes were involved, i.e. by the interaction of powerful surface runoff with slopes on the verge of failure (FOS ≈
1). More research is needed in order to better understand such interactions.
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6.5 Debris flow motion and deposition
For the study area Castillo de Rocas, the travel distance, but not the shape of the deposit of past
debris flows was successfully simulated using the parameters M/D and μ suggested by Wichmann
(2006). For the other study areas, μ had to be calibrated in order to bring the computed travel distances in line with the observations (see Table 9). Simulating the areas of entrainment and deposition in a realistic way required an even higher degree of calibration and failed for the study area

Castillo de Rocas (see Sect. 5.4 for an explanation). This means that such model approaches have
only a very limited suitability for Class A predictions. A comprehensive set of parameter values
suitable for different types of debris flows over different topographies and with different volumes
would be needed, requiring extensive field observations.
A further problem of those semi-deterministic approaches is that they actually consider mass
points, disregarding the volume of the entire flow. Increased volumes can only be accounted for
indirectly by increasing M/D.
Future work shall be directed towards an improved parameterization on the one hand, and the
inclusion of a physically-based model on the other hand. The latter shall also be able to predict
entrainment as well as energies and impact forces. Mergili et al. (2008) have produced a prototype
of a GRASS GIS implementation of the Savage and Hutter (1989) model for simple topographies.

6.6 Conclusions
The present paper deals with the simulation of debris flows on the small catchment scale. Different techniques for modelling a variety of relevant processes were combined in a model framework
realized in GRASS GIS. The goal was to reconstruct past debris flows in selected small catchments
and to evaluate the potentials and limitations of the model components. GRASS GIS appeared
highly suitable for this task as its modular structure allows for the implementation of complex
algorithms due to the support of the C programming language.
Modelling of processes related to the onset of debris flows (particularly infiltration and slope failure) is rather limited by the available data. Despite extensive field visits, sampling, and laboratory
analyses, considerable uncertainties with the governing parameters and – in particular – their spatial distribution became apparent. The modelling techniques existing for such processes appear
appropriate in general, but are sensitive to the uncertain data. Systematic approaches for tackling
uncertainties exist (Bathurst et al. 2004; 2005), e.g. the GLUE (General Likelihood Uncertainty
Estimation) approach proposed by Beven and Binley (1992) or blind validation (Ewen and Parkin
1996). However, their application would require more reference data, particularly on the systeminternal parameters (e.g. water status of the slope).
Simulation of dynamic processes like sediment transport, the propagation of debris flows, or entrainment, or of process interactions, is also limited by the available modelling techniques. Simple
approaches are not suitable for Class A predictions and often require complex parameters hard to
determine. The present study has shown that the travel distance may be well estimated using
semi-deterministic approaches, whilst fully deterministic models would be required for deriving
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also velocities and impact energies. The choice of the appropriate model therefore strongly depends on the desired information.
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Abstract
The present paper quantifies recent glacier changes and possible future permafrost retreat in the
Austrian Alps and the Pamir and Alai Mountains of Tajikistan (Central Asia), two mountainous
areas with striking differences in climate and hypsometry, but also in economy and research history. The aim of the comparative study is to improve the understanding of regional differences as a
baseline for further research and for a differentiated evaluation of possible socio-economic implications. Besides a review of the available literature, multi-temporal remote sensing of glaciers of
selected areas as well as additional helicopter and field surveys were conducted. The Tajik glaciers
displayed a differentiated behaviour during the investigation period 1968–2009, with a strong
trend to retreat at least since 2002. More than 100 pro- and supraglacial lakes have been forming
or growing in the southwestern Pamir. Destructive outburst floods of such lakes have occurred
there in the recent past. Almost all Austrian glaciers are in an advanced stage of retreat, a trend
which continues at enhanced rates. Comparatively few glacial lakes exist in the direct forefields of
the glaciers. Potential permafrost distribution maps for the present and the future were produced
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for Tajikistan and Austria by adapting an empirical model developed in Switzerland. In absolute
terms, the highest loss was predicted for the Pamir. The expected relative loss in the same area is
moderate compared to the rest of Tajikistan and particularly to Austria, where the model predicted the disappearance of more than 90% of the potential permafrost until the end of the 21st century.

Austria, climate change, glaciers, high-mountain geomorphology, permafrost, Tajikistan

1 Introduction
High-mountain areas are particularly sensitive environments and therefore serve as early indicators for changes – or, on the long term, fluctuations – of climate. Such indicators include snow,
glaciers, permafrost, ecosystems and the water cycle (e.g. Beniston 2003; Huber et al. 2005).
Worldwide, there is overwhelming evidence for an accelerated retreat of glaciers over the last few
decades, involving the tropics (e.g. Kaser 1999), humid and arid mid-latitudes (e.g. Lambrecht and
Kuhn 2007) and the polar regions (e.g. Cook et al. 2005). Much of this retreat has been attributed
to the evident climate warming (IPCC 2007). However, glacial retreat is not occurring at the same
rate and with the same characteristics worldwide. Recently, some valley glaciers have advanced
particularly in humid areas strongly influenced by oceanic oscillations, for example in New Zealand and Norway (Hooker and Fitzharris 1999; Chinn et al. 2005). In detail, glaciers may alternate
between advance and retreat as a complex and lagged response to climate signals (Aniya et al.
1997).
Glacier fluctuations contribute a great deal to environmental changes in high-mountain areas
worldwide, but also alpine permafrost plays an important role. Much research on permafrost has
been done in the former Soviet Union (Nekrasov and Klimovsky 1978), in Canada and in Switzerland. Alpine permafrost and its changes are more difficult to explore than glaciers and their
changes. Various types of modelling techniques are therefore used, ranging from data-intensive
local approaches for soil temperature dynamics to heuristic methods for the permafrost distribution at the regional and national scales (see Harris et al. 2009 for a review).
The interest in glacier and permafrost change is of practical as well as scientific relevance. The
meltwater from glaciers contributes to the water budget of mountain areas and their forelands.
Particularly in the valleys of arid mountain areas, it is highly important for the livelihood of the
people (e.g. irrigation, hydropower generation), whilst its importance diminishes in humid areas
and with increasing distance from the glaciers (Hagg and Braun 2005; Kaser and Grosshauser
2010).
The fluctuation of glaciers often results in the formation of glacial lakes. Tweed and Russell (1999)
distinguished nine types of ice-dammed lakes. Some of these lakes are prone to sudden outbursts
(Glacial Lake Outburst Floods or GLOFs). GLOFs can evolve in different ways, for example by
rock/ice avalanches or ice fronts calving into lakes (Tinti et al. 1999; Haeberli et al. 2010b), rising
lake levels leading to overflow, progressive incision, mechanical rupture or retrogressive erosion
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of a dam, hydrostatic failure (Iturrizaga 2005) or degradation of glacier dams or ice-cores in morainic dams. Richardson and Reynolds (2000) provide an overview of failure mechanisms and case
studies. GLOFs often have a highly destructive potential because a large amount of water is released within a short time, with a high capacity to entrain loose debris, potentially leading to a
powerful flood with a long travel distance. Glacial lakes have produced GLOFs e.g. in the Himalayas of Nepal and Bhutan (Bajracharya et al. 2007), the Karakorum (Wang et al. 2009), the Pamir
(Mergili and Schneider 2011), the Tien Shan (Narama et al. 2010), the Andes (Harrison et al. 2006;
Haeberli et al. 2010b) and the western Alps (Huggel et al. 2002).
It is now well documented that permafrost dynamics are a prominent preparatory factor for the
occurrence of mass movements, but until recently, this fact has not been widely recognized (e.g.
Haeberli 1992). Thawing of permafrost may affect slope stability, for example by fracturing of
rocks during freeze-thaw cycles, by increased availability of physically active water or by changed
topography (e.g. Haeberli et. al. 1997). Several studies on climate change-induced dynamics of
permafrost and related geohazards have been conducted. Intensive and detailed research was carried out at selected sites in the Swiss and Italian Alps (e.g. Monte Rosa) including measurements
and modelling of permafrost temperatures and related rock fall events, rock-ice avalanches, slides
and debris flows (see Harris et al. 2009 for a comprehensive list of references).
The present paper focuses on the comparison of glacier and permafrost changes in the last 40
years, and on hazards related to these changes, in Austria and Tajikistan, the latter located in the
Central Asian mountains (Pamir, Alai). The similarities and differences between the two countries
– and also between different regions within each country – are highlighted and the most striking
needs for further research are discussed.

2 Study areas
2.1 Geographic settings
Tajikistan and Austria are both mountainous countries with the same order of magnitude in surface area and population. There are, however, some marked differences between the two countries, both from a socio-economic and from a physical point of view (Table 1). According to the
United Nations (UNdata), only 5.5% of the employed people in Austria worked in agriculture in
2005, compared to 55.5% in Tajikistan.
The climate in Austria is temperate and largely humid with warm summers and moderately cold
winters. Tajikistan, though also temperate on average, experiences a much more continental climate with hot summers and cold winters, with sparse precipitation rather concentrated in the
winter months (Table 2). Both countries have experienced a positive trend of mean annual air
temperature (MAAT) since 1970. In Tajikistan, most of the warming can be assigned to the period
after 1995. According to the 4th IPCC report (IPCC 2007), the median of the projected increase of
the MAAT from 1980–1999 to 2080–2099 is 3.7 °C for Tajikistan and 3.5 °C for Austria.
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Table 1. Selected key parameters of Tajikistan and Austria according to the United Nations (UNdata) and the United Nations Development Programme (UNDP). HDI = Human Development
Index.

Tajikistan
Austria

Surface area
(km²)

Population
2008

83,871

8.337 mio.

143,100

6.836 mio.

GDP per capita 2008
(US$)
362.7

49,596.4

GDP growth
rate 2008
(per cent)
7.9
1.8

HDI 2010
(rank)

0.580 (112)
0.851 (25)

Fig. 1. Overview maps of Tajikistan and Austria with distribution of glaciers according to the
WGI. Areas selected for detailed studies and location of mountain ranges, glaciers and glacial lakes
mentioned in the text are shown.
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60–65 per cent of Austria is occupied by the Alps, culminating at 3,798 m a.s.l. The average elevation of the country is 950 m a.s.l. Tajikistan is embedded in the Central Asian system of mountain
ranges, sharing part of the Alai and most of the Pamir. The highest peak of Tajikistan is Pik Ismoili
Somoni at 7,495 m a.s.l., the country's average elevation is 2,970 m a.s.l. (Fig. 1). Due to the extensive highland of the eastern Pamir, the average elevation of the Gorno-Badakhshan Autonomous
Oblast (GBAO) is 4,240 m a.s.l.
Both countries host fragile high-mountains geosystems subjected to environmental changes – or,
on the long term, fluctuations – induced by both climate and socio-economic factors. These geosystems are interrelated and include, among others, the glacial and the periglacial system.
Table 2. Climate characteristics of selected sites in Tajikistan (T) and Austria (A). Data: Central
Institute for Meteorology and Geodynamics, Austria, HISTALP (2009) and Agency of Hydrometeorology, Tajikistan. MAAT = Mean annual air temperature 1971–2000 (Fedchenko: 1971–1995),
MAP = Mean annual precipitation 1971–2000 (Fedchenko: 1971–1995). Trend 1 is from 1970–
1995, trend 2 from 1970–2008.
Elev.
a.s.l.
(m)

MAAT

Mean max/min
air temperature
(°C)

Khorog (T)

2075

9.1

22.1 / -4.8

Innsbruck (A)

578

8.9

Dekhavz (T)
Fedchenko
(T)

Sonnblick (A)

2561

4.5

4169

-6.8

3105

-7.5

MAAT
trend1 /
trend2
(°C)

MAP
(mm)

15.4 / -6.9

+0.36 / +2.25

318

24.9 / 3.7

+5.5 / +4.7

4.1 / -17.1
0.2 / -14.4

-3.75 / +0.67

291

+0.27 / –

1280

+4.3 / +3.4

1673

883

Nov. April
precipitation
(per cent)
78.0
42.3
42.2
34.3
50.1

2.2 State of research in Austria
Direct information on selected Austrian glaciers is available back to the 17th century from reports,
paintings and drawings (Nicolussi 1990; Hall et al. 2003). Topographic maps including glacier extent were first prepared at the end of the 19th century. The first systematic glacier inventory of
Austria was compiled in 1969, using aerial photographs (Patzelt 1980). A second inventory was
prepared in the late 1990s, so that a complete account of glacier changes in the last three decades
of the 20th century exists (Lambrecht and Kuhn 2007). The most comprehensive available data are
the annual Glacier Reports published by the Austrian Alpine Club (Österreichischer Alpenverein
1972–2010). They compile systematic annual measurements of length changes of approx. 100 Austrian glaciers. Detailed long-term monitoring has been performed particularly for the Pasterze
Glacier in western Carinthia (e.g. Hall et al. 2001; Gspurnig et al. 2004) and the Hintereisferner in
Tyrol (e.g. Kuhn et al. 1999).
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In Austria, research on permafrost has less of a tradition than that on glaciers. Whilst in Switzerland the early work of Wilfried Haeberli dates back to the 1970s (e.g. Haeberli 1975), Austrian
permafrost research started no earlier than 1980 (Lieb 1998). Conventional methods to distinguish
permafrost areas from areas free of permafrost have been applied for a number of study sites in the
Austrian Alps. Such approaches include temperature measurements at the base of the winter snow
cover or of spring water, drillholes, geophysical methods (ground-penetrating radar, seismic
sounding, geoelectrics), or geomorphologic interpretation (Krainer 2007). Only recently have attempts been made to extrapolate these findings to larger areas, i.e. the entire Austrian Alps
(Ebohon 2007), amending relationships developed by Haeberli (1975) for Switzerland. Only indirect evidence exists for permafrost retreat and related hazards: Krainer (2007) reported problems
with increasing rock fall activity and subsidence in permafrost areas of Austria, which indicate a
thicker active layer as well as melting of ice in the cracks of steep rock walls, most probably associated with climate change.

2.3 State of research in Tajikistan
The earliest reports on Tajik glaciers date back to the late 19th and early 20th century, when various explorers visited the high-mountain areas of Central Asia (The Great Game, Middleton and
Thomas 2008). During the Soviet period, systematic mapping of the glaciers took place. The glaciers of the Pamir were inventoried in the period 1968–1973 as part of the Soviet Glacier Inventory
(Kotlyakov 1980). Detailed studies were conducted in the 1960s and 1970s for the Fedchenko
Glacier and the Abramov Glacier (on Kyrgyz territory close to the Tajik border, Kotlyakov 1980).
After independence, and particularly during the Civil War from 1992–1997, research diminished.
Meteorological and hydrologic measurements were discontinued. The main sources of glacier data
are the World Glacier Inventory WGI (NSIDC 1999–2009) and the GLIMS database (Armstrong et al. 2005). Some attention was and is still put on surging glaciers (e.g. Dolgoushin and
Osipova 1975; Kotlyakov et al. 2008) as well as on glacial lakes and connected hazards (Mergili and
Schneider 2011).
Direct data on permafrost distribution, properties and impacts in Tajikistan are very scarce. More
work, particularly from A.P. Gobunov and his team, exists on the adjacent Tien Shan of Kyrgyzstan and Kazakhstan (see Marchenko et al. 2007 for more references). Müllebner (2010) modelled
the potential permafrost distribution for selected areas of Tajikistan with two contrasting methods:
first, by adapting the elevation thresholds for Switzerland (Haeberli 1975) to the regional climate
and second, by using a combination of temperature thresholds and incoming solar radiation
(adapting a method suggested by Krummenacher et al. 2003). The resulting lower permafrost
boundaries of both methods correspond well.
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3 Data and Methods
3.1 The glacial environment
The research presented in this paper focuses on changes and fluctuations in the glacial and periglacial environment since the late 1960s. The first systematic glacier inventory of Austria was
compiled in 1969 (Patzelt 1978, 1980) and the first appropriate sets of satellite imagery (Corona)
for Tajikistan date back to 1968.
Basic geometric data on the glaciers in the two countries (surface area, Equilibrium Line Altitude
ELA, elevation of the upper and lower boundary) were extracted from the World Glacier Inventory (WGI) provided by the NSIDC (1999–2009). Though very comprehensive, a major drawback or
the WGI is the temporal inconsistence of the databases. The data for Austria, from 1998, are the
same as used for the new Austrian Glacier Inventory (Lambrecht and Kuhn 2007). For Tajikistan,
data sources from the 1940s to 1960s were used. Therefore, the WGI was only employed for the
general characterization of the glaciers in the two countries.
Since much fewer detailed and recent measurements are available for Tajikistan, original research
of the present work focuses on this country. The areas for detailed studies were chosen in a way to
represent a wide range of climatic, topographic and altitudinal conditions representative for the
country. Three study areas were selected in different parts of the Pamir: northern Pamir, Shugnan
Range and Rushan Range (see Fig. 1). The glaciers in these areas were systematically mapped from
multitemporal satellite imagery:
•

declassified Corona imagery from 1968 and 1969. The analogue images are available for the
entire territory of Tajikistan and provide an excellent database for mapping the glacial status of
the late 1960s. The effective cell size of the scanned images is ≤5 m. Drawbacks are that the
imagery is only available in greyscale and the considerable geometric distortion, particularly
in mountainous terrain.

•

ASTER imagery from 2002 and 2007 to 2009. With a cell size of 15 m and several channels in
the visible and infrared spectrum, it is the most cost-efficient medium-resolution dataset available for the period since 2000.

Only areas with exposed ice were mapped, considering their changes as a reasonable surrogate for
the change of the total glacier surface. Even though remote sensing-based approaches for mapping
the extent of debris-covered glaciers exist (Paul et al. 2004; Bolch et al. 2008), change detection
remains a challenge since the transition between debris-covered glacier tongues and ice-bearing
till is hard to identify and often fuzzy. More specialized approaches (e.g. DInSAR or geoelectrics)
would be required for such a purpose.
A qualitative confidence measure was assigned to each mapped glacier (3–High; 2–Medium; 1–
Low), primarily depending on the snow cover of the glacier in the respective image. Only glaciers
with high or medium confidence were used for the analysis of glacier fluctuations.
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For the southwestern Pamir, a multitemporal inventory of glacial lakes was prepared from the set
of images mentioned above. Helicopter surveys and field visits in summer 2003 and 2009 served as
verification of the findings from the remote sensing survey. The hazard of Glacial Lake Outburst
Floods (GLOFs) from these lakes was analyzed using a rating scheme for the regional scale (Mergili
and Schneider 2011).
Additional work was conducted in the Upper Zarafshan Valley in the Alai Mountains of northern
Tajikistan, which occupies a lower altitudinal range than the Pamir (see Fig. 1). The positions of
the termini of four selected glaciers were measured in cooperation with the Tajik Agency of Hydrometeorology, employing a geodetic approach. Including unpublished data on discontinued
periodic measurements from the 1920s to 1991 held by the Agency of Hydrometeorology, series of
glacier length changes 1927–2009 were derived.
The findings from the comparison of the 1969 and the 1998 Austrian Glacier Inventories presented by Lambrecht and Kuhn (2007) were used to compare the situations in Tajikistan and in Austria. No systematic account of Austrian glacier surface and volume changes was yet available for
the period since the late 1990s. Cumulative glacier length changes, averaged by mountain range,
were derived from the glacier reports 1971–2009 (Österreichischer Alpenverein 1972–2010).

3.2 The periglacial environment
Periglacial research presented in the paper focuses on the modelling of potential present and future permafrost distribution.
The approach developed by Haeberli (1975) for Switzerland and applied by Ebohon (2007) for
Austria was followed, applying lower limits of elevation for the possible and for the probable distribution of permafrost. These limits are based on field evidence and depend on the topographic
situation and the aspect. For Tajikistan, the original elevation limits were adapted according to the
difference in mean annual air temperature (MAAT). Keller (1992) found out an elevation of
2,200 m a.s.l. for the 0°C isotherm in Switzerland. Müllebner (2010), using datasets provided by
the Tajik Meteo Service, derived an elevation of 3,300 m a.s.l. for the 0°C isotherm in Tajikistan.
Accordingly, the values from Haeberli (1975) and Ebohon (2007) were increased by 1,100 m for
Tajikistan. Table 3 shows the original and the adapted scheme. The schemes were applied making
use of the software GRASS GIS and the SRTM-4 Digital Elevation Model (Jarvis et al. 2008). The
results for Tajikistan were corroborated with 65 rock glacier termini mapped in the Gunt and
Shakhdara valleys in the southwestern Pamir. All active rock glaciers with a steep, geomorphologically active front and without vegetation cover were considered, disregarding features with an
accumulation area of exposed ice. Only the lowermost termini of rock glacier systems were
mapped.
Scenarios of increasing MAAT (3.7 °C for Tajikistan and 3.5 °C for Austria until 2100; IPCC 2007)
were taken as guideline for the projections of the potential future permafrost distribution. Increases in MAAT of 1 °C, 2 °C, 3 °C and 4 °C were assumed in order to account for possible scenarios of
permafrost retreat in the 21st century. The altitudinal lapse rate for Tajikistan was fixed to

Appendix A9 – High-mountain changes and hazards in Tajikistan and Austria 307

0.062 °C/m using linear regression from the set of Tajik temperature data. A rate 0.054 °C/m was
used for Austria, according to the value provided by Rolland (2003) for Tyrol. The elevation limits
shown in Table 3 were then increased accordingly for each of the four scenarios. Only the lower
limits of possible permafrost were used, not distinguishing between areas with possible and such
with probable permafrost.
Table 3. Potential lower permafrost limits for Austria / Tajikistan according to Haeberli (1975),
Ebohon (2007) and Müllebner (2010).

Aspect
N

Lower boundary of sporadic permafrost
(permafrost possible)
(m)

NE
E

SE
S

SW
W

NW
flat

exposed sites

protected sites

2575 / 3675

2220 / 3320

2300 / 3400
2450 / 3550

2700 / 3800
2900 / 4000
2650 / 3750
2600 / 3700
2530 / 3630
2590 / 3690

1960 / 3060
2100 / 3200
2230 / 3330
2340 / 3440
2230 / 3330
2160 / 3260
2120 / 3220
2640 / 3740

Lower boundary of discontinuous permafrost (permafrost probable)
(m)
exposed sites

protected sites

2720 / 3820

2520 / 3620

2500 / 3600
2600 / 3700
2850 / 3950
2900 / 4000
2850 / 3950
2700 / 3800
2580 / 3680
2710 / 3810

2410 / 3510
2500 / 3600
2630 / 3730
2690 / 3790
2630 / 3730
2510 / 3610
2470 / 3570
2900 / 4000

4 Results
4.1 The glacial environment
4.1.1 Distribution, extent and debris cover of glaciers in Tajikistan and Austria
Though both Tajikistan and Austria are rich in high-mountain landscapes, they differ substantially
in their extent of glaciers. According to the WGI (NSIDC 1999–2009), 7,896 km² of Tajikistan
(5.5% of the total area) are covered by glaciers, compared to 542 km² (0.6%) in Austria. The WGI
lists 7126 glaciers for Tajikistan and 925 for Austria, so that the average surface area of single glaciers is 1.1 km² in Tajikistan and 0.6 km² in Austria. The largest single glacier in Tajikistan is the
Fedchenko Glacier (156 km²), in Austria it is the Pasterze (20 km²). These figures show that the
extent of glacierization is about one order of magnitude higher in Tajikistan than in Austria (Table 4).
The WGI identifies 602 km² or 7.6% of the Tajik glacier surface as debris-covered. 1096 glaciers
(15.4%) are at least partly covered by debris (see Table 4). The share of debris-covered glaciers
increases with glacier size. So does the ratio of debris-covered glacier surface, but to a much lesser
extent. These patterns are also true for Austria, but the extent of debris cover is much smaller
there. 85 Austrian glaciers (9.2%) are at least partly debris-covered, the debris cover accounts for
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7.6 km² (1.4% of the total glacier surface). Comparing glaciers of the same size class, the percentage of glaciers with debris cover in the two countries is comparable, but the percentage of debriscovered glacier surface is still much higher in Tajikistan.

Fig. 2. Altitudinal range of equilibrium lines, upper and lower boundaries of glaciers and total
glacier surface areas in Tajikistan and Austria as compiled from the WGI.
Table 4. Number and size of glaciers and percentage of debris cover in Tajikistan and Austria. Data
source: WGI.

Number

Size class
≤0.5 km²

>0.5 – 1 km²
>1 – 2 km²
>2 – 5 km²

>5 – 10 km²

>10 – 20 km²
>20 – 50 km²
>50 km²
Sum

Surface area
(km²)

glaciers debris- glaciers
total covered total
4385

202

1076.8

537

248

1152
768
153
72
25
4

7096

221
250
99
53
20
3

1096

Per cent of total

per cent
debrissurface of numcovered number area
ber

Tajikistan
29.2

61.8

13.6

1630.9

132.0

7.6

20.7

750.1

82.2

877.1

1120.5
1055.9
1043.7
341.1

7896.2

Debris cover

48.4
75.6
98.9
90.8
39.1

596.2

16.2
10.8
2.2
1.0
0.4
0.1

100.0

4.6

11.1

19.2

13.4

64.7

14.2
13.2
9.5
4.3

100.0

32.6
46.2
73.6
80.0
75.0
15.4

per cent of
surface
area
2.7
5.5
6.7
8.1
9.4
8.7

11.0
11.5
7.6
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≤0.5 km²

704

21

109.4

>2 – 5 km²

46

16

145.6

85

542.1

>0.5 – 1 km²
>1 – 2 km²

>5 – 10 km²
>10 km²
Sum

111
48
10
5

924

21
15
8
4

77.6
66.7
71.8
71.2

Austria
0.9

76.2

20.2

1.4

5.0

26.9

1.0
1.1
1.4
1.8
7.6

12.0
5.2
1.1
0.5

100.0

3.0

0.8

34.8

1.0

14.3

18.9

13.2

80.0

12.3
13.1

100.0

31.3
80.0
9.2

1.2
1.7
2.0
2.6
1.4

Due to the climatic and topographic conditions, glaciers occupy a higher altitudinal range in Tajikistan than in Austria (Fig. 2). According to the WGI (only considering those glaciers with assigned
ELA, n = 6257 for Tajikistan, n = 655 for Austria), the average ELA, weighted by glacier surface, is
4896 m in Tajikistan and 2925 m in Austria.
4.1.2 Glacier development 1968–2009
Rates of glacier surface change vary substantially between different areas in Tajikistan, but also
between different observation periods (Fig. 3). On average, the observed glaciers in the northern
Pamir remained stable in the period 1968–2002, whilst most glaciers in the Rushan and Shugnan
ranges of the southwestern Pamir were retreating at rates partly exceeding 1% per year, related to
the 1968 surface. In the period 2002–2007, the glaciers of the northern Pamir were retreating at
rates similar to those in the other study areas.
The results obtained suggest that the glaciers of the Pamir in general have shifted towards accelerated retreat in the period 2002–2007, compared to the period 1968–2002. More data and a finer
resolution of the period 1968–2002 would be required to explore the reasons for the differentiated
behaviour of the glaciers in different parts of the Pamir.
In the Alai mountains (northern Tajikistan), the retreat of the glaciers has continued since the
19th century. The dense meadows of the Zarafshan Valley allow the easy identification of the
maximum glacial extent during the Little Ice Age in the 19th century and indicate a tremendous
loss of thickness. According to data held by the Tajik Agency of Hydrometeorology, measurements at the Turo and Dihadang Glaciers have yielded annual rates of subsidence of about 1 m.
During Soviet times, the length of the Zarafshan Glacier was measured at irregular time intervals
using geodetic methods. A steady retreat accelerating towards the end of the 20th century was
observed: 280 m from 1927–1961 (8 m/year), 980 m from 1961 to 1976 (65 m/year), further 1092
m from 1976 to 1991 (73 m/year) and 1650 m from 1991 to 2009 (92 m). In 2009, the snout of the
Zarafshan Glacier was located approx. 5.5 km behind the most distal terminal moraine from the
Little Ice Age. A similar behaviour was observed for other glaciers in the upper Zarafshan Valley
(Fig. 4).
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In Austria, comparison of the glacier inventories of 1969 and 1998 yielded a loss of 17.1% of the
glacier surface for the entire country, from 567 km² to 471 km² (Lambrecht and Kuhn 2007). Almost all glaciers were retreating in this period, with only a few exceptions. Whilst the loss in the
heavily glacierized Ötztaler Alpen was close to average (17.6%), it was highly variable in the less
glacierized mountain ranges, from a gain of 11.3% (Karnische Alpen) to a loss of 59.8% (Samnaungruppe). In general, the 1970s and early 1980s were characterized by largely positive mass balances and partial advances (Fig. 5), caused by an interplay of years with high winter accumulation and
low summer temperature (Schöner et al. 2000; Lambrecht and Kuhn 2007). Related to the 1969
surface, the average annual loss until 1998 was 0.58%. This value is comparable to that one found
for the Rushan Range (0.56%) and significantly higher than those for the other study areas in Tajikistan for a similar period: 0.40% for the Shugnan Range and 0.01% for the northern Pamir.
However, the variation within each of the Tajik mountain ranges is considerable (Table 5).

Fig. 3. Average annual change of surface area of glaciers in the Pamir for the periods 1968–2002
and 2002–2007.

Fig. 4. Measured retreat of some of the major glaciers of the upper Zarafshan Valley 1927–2009.

Appendix A9 – High-mountain changes and hazards in Tajikistan and Austria 311

Figure 5 shows the changes of glacier lengths between 1970 and 2009, compiled from the Glacier
Reports of the Austrian Alpine Club (Österreichischer Alpenverein 1972–2010) and averaged by
mountain range: the findings are in line with those from the glacier inventories, but they also illustrate the accelerated retreat in the first decade of the 21st century, with the extraordinarily hot
summer of 2003. The Zillertaler Alpen experienced a pronounced glacial advance in the late 1970s
and early 1980s (derived, however, from a small set of measured glaciers), a development not at all
observed in the directly adjacent Venedigergruppe. The Obersulzbachkees in the latter area decreased by 1,008 m in length during the observation period, the Pasterze Glacier in the Glocknergruppe retreated by 688 m. The annual decrease of glacier surface elevation measured for the Pasterze Glacier averaged between 4 and 5 m in the years 2006–2009.
Table 5. Glacier surface changes in selected areas of the Tajik Pamir 1968–2007.
Year

n

1969-2002

69

2002-2007
1969-2007
1969-2002
2002-2007
1969-2007
1969-2002
2002-2007
1969-2007

71
85
58
52
42
60
55
50

Mean annual surface change
(per cent)

Standard deviation
(per cent)

-1.41

1.14

North Pamir
-0.01
-0.17

Rushan
-0.56
-0.75
-0.58

Shugnan
-0.40
-1.52
-0.54

0.39
0.32
0.27
0.81
0.24
0.36
1.28
0.39

Fig. 5. Length changes 1970–2009 of selected Austrian glaciers, averaged by mountain range.
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4.2 Evolving glacial lakes as potential hazards.
Figure 3 shows that the glaciers of the southwestern Pamir (Rushan Range, Shugnan Range) are at
a more advanced stage of retreat than those of the northern Pamir. Retreating glaciers often leave
behind a rim of lateral and terminal moraines comprised of buried ice overlain by till, an ideal
terrain for glacial lakes to form. In 2007, 172 glacial lakes existed in the Gunt and Shakhdara Basins in the southwestern Pamir (Mergili and Schneider 2011). Most of them are located at 4,400–
4,700 m a.s.l. and have formed – or at least gained much of their size – since 1968. Depending on
topography, dam characteristics, ice content, seepage through the dam and the possibility of ice
falls or landslides into the lakes, they are more or less susceptible to produce hazardous outburst
floods (GLOFs; e.g. Costa and Schuster 1988; Huggel et al. 2002, 2003, 2004). Mergili and Schneider (2011) classified 6 of these lakes as very hazardous and 34 as hazardous. In contrast to the
southwestern Pamir, few glacial lakes were detected in the northern Pamir. In the Zarafshan Valley, only some minor glacial lakes exist on the decaying glacier snouts, none of them are considered hazardous.

Fig. 6. The village of Dasht in the Shakhdara Valley (a) before (photo: FOCUS Humanitarian Assistance) and (b) after the GLOF of August 7, 2002.
History has shown that even small lakes may produce highly destructive GLOFs. On August 7,
2002, one of the numerous glacial lakes in the southwestern Pamir drained suddenly. The supraglacial lake had a surface area of 37,000 m² and an estimated volume of 320,000 m³. The magnitude
of the event was multiplied due to entrainment and backwater effects, so that the resulting mud
flow had an estimated volume of 1–1.5 Million m³ (Mergili and Schneider 2011). The village of
Dasht 10.5 km downstream in the Shakhdara Valley (see Fig. 1) was largely destroyed and approx.
25 people lost their lives (Fig. 6). Field and remote sensing surveys have shown that the lake was
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very short-lived: it had formed less than two years before the event, in autumn 2000 or spring
2001. No lake of substantial size was detected in this place on older images going back to 1968 or
after the event up to 2009. The outburst occurred beneath the glacier surface, probably caused by
weakening of a temporary blockage of the seepage channel having dammed the lake.
The most recent documented GLOFs on today's Austrian territory occurred in the 17th to 19th
century, when the surging Vernagtferner repeatedly dammed lakes in the Ötz Valley in Tyrol
(Hoinkes 1969; Braun 1995) producing a number of destructive GLOFs. Due to the lack of recent
surges and the comparably small moraines, only few glacial lakes exist in the direct forefields of
the retreating Austrian glaciers, and none of them are considered hazardous. In other parts of the
Alps, however, such lakes exist and recent hazardous situations are evident (e.g. Werder et al.
2010).

4.3 Permafrost
Potential distribution of permafrost. 44.3 per cent of Tajikistan, but only 2.4% of Austria were
identified as potential permafrost areas (Table 6). The high value for Tajikistan is primarily influenced by the extensive highlands of the eastern Pamir in the GBAO, which are almost entirely
potential permafrost area (84.1% of GBAO was classified as potential permafrost area, 94% out of
that area as permafrost probable). Except for Khatlon, also the remaining Tajik provinces display
much larger shares of potential permafrost areas than most of the Austrian provinces. Only the
value for Tyrol (11.7%) is comparable to that for the Tajik province of Sughd. However, Sughd
includes extensive lowlands (Ferghana Basin), whilst Tyrol is entirely mountainous. More than
90% of the Tajik, but only 63% of the Austrian potential permafrost areas were classified as permafrost probable.
In terms of absolute values, almost 54,000 km² of potential permafrost area were identified in the
GBAO, out of more than 63,000 km² for the entire territory of Tajikistan. In Austria, potential
permafrost areas exceed 1,000 km² only in Tyrol, accounting for almost three thirds of the total for
Austria (around 2,000 km²).

4.4 Field observations and model evaluation
The superficially most obvious permafrost features are rock glaciers. Such landforms of different
sizes and states of activity are widespread all over the Pamir. Some of them retain lakes which are
potentially prone to sudden drainage in the case of degradation of the rock glacier dam (Fig. 7).
The termini of the mapped rock glaciers were compared to the modelled lower limit of permafrost. 60 rock glaciers (92%) are located within designated permafrost areas (Fig. 8), 53 (82%) terminate in the zone with probable permafrost. More than half of the features (34 or 52%) end up
more than 200 m above the lower limit of probable permafrost. These findings suggest that the
scheme used provides a realistic estimate of the lower boundary of potential permafrost areas, but
that rock glaciers alone are of limited use for permafrost delineation. In the study area, rock glaciers may terminate above their climatic limit for various reasons: (i) erosion of the rock glacier; (ii)
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very steep topographies where rock glaciers lose their coherence; (iii) rock glaciers are slowmoving features not necessarily in equilibrium with the climatic conditions. Furthermore, the
location of the lower boundary of the active part is sometimes uncertain.
Table 6. Potential permafrost areas in Tajikistan and Austria (entire country and each province) in
absolute and relative terms. PsPF = permafrost possible, PrPF = permafrost probable, rPrPF = ratio
of areas with permafrost probable compared to the entire potential permafrost area. The total area
was computed based on the raster maps used and differs slightly from the value given in Table 1
(see also Fig. 1).
Area
(km²)

PsPF
(km²)

Tajikistan

142,485

63,072

RRS

28,857

6,070

Khatlon
GBAO

Sughd

Austria
Tyrol

Vorarlberg

Upper Austria
Carinthia
Salzburg
Styria

24,293
64,095
25,241
84,200
12,641
2,598

12,017
9,558
7,170

16,487

16

53,931
3,056
2,000
1,479
59
9

182
264
8

PsPF
(per cent)

Tajikistan

PrPF
(km²)

PrPF
(per cent)

rPrPF
(per cent)

8

0.0

52

44.3

58,168

21.0

5,007

0.1

84.1
12.1

Austria
2.4

11.7
2.3
0.1
1.9
3.7
0.0

50,794
2,358
1,257
979
25
3

100
150
1

40.8
79.2
17.4
9.3
1.5
7.7
1.0
0.0
1.0
2.1
0.0

92
94
83
77
63
66
43
31
55
57
9

Fig. 7. Khavrazdara (Bartang Valley): 1.9 km² Lake Khavraz retained by an active rock glacier.
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Fig. 8. Mapped rock glacier termini in the Pamir, related to the lower boundary of possible and
probable permafrost.

4.5 Scenarios of permafrost retreat
Figure 9a illustrates the present potential permafrost areas in the two countries.

Fig. 9. (a) Potential distribution of permafrost in Tajikistan and Austria, (b) projections for different scenarios of increased MAAT for selected areas.
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The projected patterns of permafrost retreat differ markedly between the two countries: in Tajikistan, due to the more extensive potential permafrost area in general, the predicted absolute changes are larger by approx. one order of magnitude than in Austria, whilst the predicted relative
changes in Tajikistan are exceeded by those in Austria. However, the variability within each of the
countries is also high (Fig. 9b and 10).

Fig. 10. Projected loss of potential permafrost areas in (a) Tajikistan and (b) Austria in absolute and
relative terms.
The abundance of potential permafrost areas in the GBAO – particularly in the highlands of the
eastern Pamir – leads to a tremendous potential loss in terms of absolute values, aggregating to
roughly 20,000 km² in the case of a 4°C temperature increase. This value would, however, correspond to only 40% of the potential permafrost area of the GBAO. The remaining provinces of Tajikistan – with less extensive high-elevation area – would experience potential losses of up to a few
thousands km², amounting to 63–96% of the potential permafrost areas. These values are comparable to those for Tyrol, the province of Austria with most permafrost in both absolute and rela-
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tive terms. In each Austrian province, more than 90% of the potential permafrost areas would
disappear if the MAAT would increase by 4°C. In Upper Austria and Styria, with only marginal
occurrences at present, there would be no more permafrost at all. Already with an increase of 2°C,
each Austrian province would experience a loss between 70 and 99%. Due to the limited extent of
potential permafrost areas in Austria in general, the absolute loss would – except for Tyrol – account for few hundred km² or less (see Fig. 10).
The characteristics presented above imply that in the GBAO, the rate of permafrost retreat remains largely constant with increasing temperature increase. In the other provinces of Tajikistan
and particularly in Austria, the curves in Fig. 10 flatten out, indicating that the reservoir of permafrost becomes more and more depleted there.

5 Discussion
In the high-mountain areas of Tajikistan, one may distinguish three major zones of environmental
change dynamics:
•

In the northwest (Zarafshan Valley, Alai Mountains), the glaciers are in an advanced stage of
retreat, and some small glaciers may disappear during the next few decades. It is likely that
most of the permafrost will melt.

•

In the southwestern Pamir, almost all glaciers are retreating and many glacial lakes are developing. At least one destructive outburst flood of such a lake (the Dasht event) has occurred
there in the recent past, comparable events are possible in the near future. Permafrost may
undergo substantial melting during the 21st century, but much of it will persist due to the
high elevation of most areas.

•

The highest portions of the northern and central Pamir are still highly glacierized. However,
at least for the mapped area, a clear trend of glacier retreat during the past decade was observed. There are few glacial lakes, but more may develop over the next decades. Much of the
permafrost is supposed to persist during the 21st century.

The situation of the Austrian glaciers and potential permafrost areas is partly comparable with the
northwest of Tajikistan. More than 90% of the potential permafrost areas may disappear during
the 21st century. Almost all glaciers are in an advanced stage of retreat, a trend which seems to
have accelerated in the first decade of the 21st century. However, the rates of change in glacier
length also for the largest Austrian glaciers are significantly lower than those measured in the
Zarafshan Valley for a comparable period. Comparatively few glacial lakes exist in the direct forefields of Austrian and northern Tajik glaciers.
In different parts of the Pamir, a more comprehensive mapping campaign in combination with a
higher temporal resolution of glacier observations and consistent meteorological data would be
required to understand the differences of glacier development 1968–2002. Suggesting a relationship of the more positive development in the northern Pamir with the advances in Austria in the
late 1970s and early 1980s would be highly speculative: in the case of Austria, the phenomenon is
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well correlated to the North Atlantic Oscillation (Schöner et al. 2000) which has limited influence
on the Central Asian climate. Reliable high-elevation precipitation data in the area of the northern Pamir are available from the Gorbunov meteo station (4,169 m a.s.l) only for the period 1970–
1995. Increasing trends of both mean annual and winter precipitation were observed during this
time.
A phenomenon worthy of attention is the much higher share of debris-cover on Tajik glaciers,
compared to Austrian ones. To some extent, this phenomenon may be assigned to more active
morphodynamics due to higher local relief, delivering more debris onto the glacier surface. More
important, most of the Tajik mountain areas are arid, with less snow fall and therefore lower rates
of accumulation than in Austria. This favours glaciers rich in debris which – particularly in a stage
of retreat – may evolve into debris-covered glaciers or even rock glaciers (Ackert 1998). Many
glaciers terminate as lobes intermediate between debris-covered glaciers, rock glaciers and icebearing moraine, so that the glacial and the periglacial domain are not always clearly distinguishable. From a methodological point of view, this phenomenon complicates mapping of glaciers and –
in particular – of glacier fluctuations.
Many of those lobes are partially covered by glacial lakes. Though the recognition of potentially
hazardous glacial lakes by means of GIS and remote sensing is comparatively easy (except for subglacial lakes), the prediction of outburst floods remains a challenge. Particular difficulties are connected to the estimation of travel distances and impact magnitudes, both at the local and the regional scale (Mergili and Schneider 2011; Mergili et al. 2011). The glacial lakes are usually far
away from the area of impact and events occur at very long time intervals or as singularities, so
that the population at risk is often not prepared for such events.
In Tajikistan, the population of the valleys strongly depends on meltwater from snow and glaciers
for irrigation and therefore livelihood (Kassam 2009). However, the role of the glaciers for – and
therefore also the impact of glacial retreat on – the water cycle, particularly runoff, is still disputed. Barnett et al. (2005) highlighted the shift of peak runoff from summer (the time of highest
demand) to winter and spring. They mentioned Central Asia as one of the most-affected regions
by such a shift, due to the natural settings and the limited water storage capacities. Kaser and
Grosshauser (2010), however, showed that the contribution of meltwater quickly decreases with
increasing distance from the glacierized areas. Unfortunately, quantitative local and regional data
on the real contribution of meltwater from glaciers is sparse. It is clear, however, that the proportion of glacial meltwater in the runoff of Central Asian mountain rivers is much higher than in
rivers of the humid Austrian Alps (Hagg and Braun 2005).

6 Conclusions
The research presented in this paper has illustrated that both in Tajikistan and in Austria, glaciers
are in a stage of accelerated retreat. Indicators also exist for a retreat of permafrost which is, however, more difficult to quantify. The results of simple computer models suggest that much of the
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permafrost in both countries may disappear until the end of the 21st century. These changes in the
high-mountain environment are connected to a changing hazard situation. Interactions of different types of hazardous phenomena involving both the glacial and the periglacial domains may lead
to process chains possibly affecting communities tens of kilometres away from the source area
(Haeberli et al. 2010a). For instance, melting of permafrost slopes heading into lakes may result in
mass movements triggering lake outburst floods. Detailed analyses of such scenarios and appropriate mitigation measures are required.
The extent of the glacial and periglacial environment is about one order of magnitude higher in
Tajikistan than in Austria, both in absolute and in relative terms. The decision in which of the
countries the changes discussed above pose the more severe problem largely depends on the viewpoint:
•

if glaciers and permafrost are considered as environmental features worth of conservation,
Austria is much more threatened because much of the glacier surface and most of the permafrost may disappear until the end of the 21st century;

•

from a more practical point of view, larger problems are supposed to arise in Tajikistan. Potentially hazardous glacial lakes are evolving in the front of the retreating glaciers. Huge areas
may become free of glaciers and permafrost, increasing the susceptibility of slopes to produce
mass movements and, in the latter case, leading to ground subsidence. In Austria, the magnitude of this problem appears comparatively marginal, though the economic values concentrated at high elevation are higher and cases of damage on infrastructures possibly related to permafrost retreat were reported.

Furthermore, the dependence on meltwater from snow and glaciers for livelihood is higher in
Tajikistan (with a much higher socio-economic vulnerability) than in the more humid Austrian
Alps. Human-ecological studies of Kassam (2009) have shown that changes in the water – and also
temperature – regime are already experienced by the local population in the Pamir, with both
positive and negative impacts on their livelihood.
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Abstract
The sources of the Amu Darya, one of the major Central Asian rivers draining to the Aral Sea, are
located in the glacierized high-mountain areas of Tajikistan, Kyrgyzstan and Afghanistan. There,
climate change and the resulting retreat of glaciers have led to the formation of numerous new
glacial lakes. Other lakes in the area are embedded in older glacial landscapes (erosion lakes) or
retained by block or debris dams (e.g., Lake Sarez). A multi-temporal lake inventory is prepared
and analysed, based on remotely sensed data. Corona images from 1968 are used as well as more
up-to-date ASTER and Landsat 7 scenes. 1642 lakes are mapped in total, 652 out of them are glacial lakes. 73% of all lakes are located above 4000 m a.s.l. Glacial lakes, abundant in those areas
where glacier tongues retreat over flat or moderately steep terrain, have experienced a significant
growth, even though changes are often superimposed by short-term fluctuations. The analysis
results also indicate a shifting of the growth of glacial lakes from the south western Pamir to the
central and northern Pamir during the observation period. This trend is most likely associated
with more elevated contribution areas in the central and northern Pamir. The lakes of the other
types have remained constant in size in general. The lake development reflects changes in the

326 Appendix A10 – High-mountain lake development in Central Asia

state of the water resources in the study area on the one hand and determines the level of lake
outburst hazards on the other hand.

Central Asia, Glacial lakes, High-mountain environmental change, Pamir, Remote sensing

1 Introduction
The Amu Darya is one of the most important rivers in the lowlands of Central Asia. Its sources are
located in the glacierized high-mountain areas of Tajikistan, Kyrgyzstan and Afghanistan (Pamir,
Alai and Hindukush mountains). They include the upper catchments of the Surkhob River, the
Khingob River and the Panj River (Fig. 1). The Surkhob and Khingob Rivers, after their confluence, continue as Vakhsh River, a tributary to the Panj River forming the Tajik–Afghan border.
After the confluence of Panj and Vakhsh, the river continues as Amu Darya all the way to the
Aral Sea. Controlling of the water flow of the Vakhsh River in Tajikistan for hydropower generation has led to political tensions with Uzbekistan and Turkmenistan where the water is extensively used for irrigation, and inappropriate water management practices have led to the shrinkage of
the Aral Sea (e.g., Micklin, 1988; Micklin and Aladin, 2008). The runoff regime of the Amu Darya
and other Central Asian river systems, and the contribution of glacial melt water, have been the
subject of comprehensive research (e.g., Agaltseva et al., 1997; Aizen and Aizen, 1997; Aizen et al.,
2007a). Particularly in the valleys of those arid mountain areas, melt water is highly important for
the livelihood of the people (e.g., irrigation, hydropower generation), whilst its importance diminishes in humid areas and with increasing distance from the glaciers (Hagg and Braun, 2005; Kaser
and Grosshauser, 2010).
High-mountain environments are highly dynamic and sensitive systems. Therefore they serve as
early indicators for climate fluctuations, including snow, glaciers, permafrost, ecosystems and the
water cycle (e.g., Beniston, 2003; Huber et al., 2005; Harris et al., 2009). There is overwhelming
evidence for a worldwide accelerated retreat of glaciers over the last few decades (WGMS, 2008),
involving the tropics (e.g., Kaser, 1999), arid and humid mid-latitudes (e.g., Aizen et al., 2007b;
Lambrecht and Kuhn, 2007) and the polar regions (e.g., Cook et al., 2005). Much of this retreat has
been attributed to the evident atmospheric temperature rise (IPCC, 2007). However, glacial retreat
is not occurring at the same rates and with the same characteristics worldwide.
Locally, the dynamics of the glacial and periglacial environment disturb the equilibrium of the
system and therefore lead to an increased level of hazard (Evans and Clague, 1994; Huggel et al.,
2004a,b; Kääb et al., 2005; IPCC, 2007; Quincey et al., 2007; Harris et al., 2009; Dussaillant et al.,
2010; Haeberli et al., 2010a). One particular aspect is the formation of glacial lakes, dammed by
moraines or by the glaciers themselves. Such lakes often occur in areas influenced by permafrost.
Tweed and Russell (1999) distinguished nine types of ice-dammed lakes. On the one hand, glacial
lakes mirror the state of the glaciers as source of fresh water. On the other hand some lakes are
prone to sudden outbursts (Glacial Lake Outburst Floods or GLOFs) and pose a potential threat to
the downstream communities. Most studies published on glacial lakes are related to GLOF events
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or GLOF hazard. Studies cover most glacierized mountain areas in the world, e.g., in the Himalayas of Nepal and Bhutan (Watanabe and Rothacher, 1996; Richardson and Reynolds, 2000; Bajracharya et al. 2007; ICIMOD, 2011), the Karakorum (Hewitt, 1982; Hewitt and Liu, 2010), the Pamir (Mergili and Schneider, 2011), the Tien Shan (Narama et al., 2010; Bolch et al., 2011), the Andes (Vilímek et al., 2005; Harrison et al., 2006; Haeberli et al., 2010b), the North American mountains (Clarke, 1982), the Norwegian mountains (Breien et al., 2008) and the western Alps (Haeberli, 1983; Tinti et al., 1999; Huggel et al., 2002, 2003). The anticipation of possible glacial lake development is seen as a first important step of hazard assessment (Frey et al., 2010). GLOFs can
evolve in different ways, for example by rock/ice avalanches or ice fronts calving into lakes, rising
lake levels leading to overflow, progressive incision, mechanical rupture or retrogressive erosion
of a dam, hydrostatic failure or degradation of glacier dams or ice-cores in moraine dams (Walder
and Costa, 1996; Richardson and Reynolds, 2000). Peak discharges are often some magnitudes
higher than in the case of "normal" floods (Cenderelli and Wohl, 2001). Entrainment may considerably increase the event magnitude and convert the flood into a destructive debris flow.
Also other types of lakes are relevant from a hazard perspective (Evans, 1986; Costa and Schuster,
1988; Walder and O'Connor, 1997). Landslide dams are of particular interest as most of them fail
within the first year after their formation (Costa and Schuster, 1988). In the seismically active
Central Asian mountains, recent and former landslide-dammed lakes are common. There is still
controversy about the safety of Usoi Dam, the highest landslide dam worldwide, impounding Lake
Sarez since its formation during a major earthquake in 1911 (e.g., Schuster and Alford, 2004; Risley et al., 2006). On the other hand, there are discussions on the use of Lake Sarez – and other
lakes – for hydropower generation. In general, the use of high-mountain lakes for hydropower
generation is a subject of increasing interest (Terrier et al., 2011).
The aspects outlined above highlight the importance of up-to-date-knowledge on high-mountain
lakes. Whilst the level of information is considerable in some mountain areas of the world, the
knowledge about the spatial distribution, and even more the temporal development, of highmountain lakes in the Pamir is still limited.
The present article attempts to fill this gap by focusing on the analysis of the distribution and the
temporal development of lakes in the headwaters of the Amu Darya catchment. For this purpose, a
multi-temporal lake inventory is prepared and the spatial distribution of the lake characteristics is
analysed as well as the patterns of lake development. It is attempted to link the findings to observed glacier dynamics. The results shall serve as a baseline for the assessment of lake outburst
hazards and for studies on the potential of the lakes for hydropower generation.
Next, the study area is introduced (Chapter 2). Then, the methods applied to explore the spatial
distribution and the temporal development of high-mountain lakes in the study area are outlined
(Chapter 3). The presentation of the results (Chapter 4) is followed by a discussion (Chapter 5) and
the conclusions (Chapter 6).
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Fig. 1 Study area, including the headwaters of the Amu Darya in the Pamir, Alai and Hindukush
(Tajikistan, Kyrgyzstan and Afghanistan).

2 Study area
Here, a 98,300 km² study area is considered, extending from 1670 m a.s.l. near Khala-i-Khumb to
7495 m at the top of Ismoili Somoni Peak (see Fig. 1). The northern and southern limits of the
study area are the Alai and Hindukush ranges in Kyrgyzstan and Afghanistan, respectively. They
largely extend in east-west direction. In between, the Pamir in the Gorno-Badakhshan Autonomous Oblast of Tajikistan represents the largest share of the study area. The western Pamir is
characterized by glacierized mountain ranges exceeding 6000 m a.s.l. and deeply incised, fairly
densely populated valleys. The eastern Pamir represents an arid highland above 3500 m a.s.l. with
glaciers covering only the highest peaks. The northern Pamir with the Academy of Sciences and
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Transalai ranges carries three peaks exceeding 7000 m a.s.l. and is extensively glacierized. The
Fedchenko Glacier extends over a length of >75 km and covers a surface area >700 km². Many
glacier tongues in the study area are covered by debris, making it hard to delineate their extent
from satellite imagery or superficial field surveys. Even though a general retreat of the areas of
exposed ice was identified for several mountain ranges within the study area (e.g., Khromova et al., 2006; Haritashya et al., 2009; Mergili et al, 2012), melting of ice within decaying debris-covered glacier tongues may contribute a significant share of the total loss of ice volume on
the one hand and favours the development of lakes in the subsiding areas on the other hand.
The climate in the study area is temperate semi-arid to arid and continental with hot summers and
cold winters. Most meteorological stations in the study area have recorded a positive trend of the
mean annual air temperature (MAAT) for the period 1940–2000 (Makhmadaliev et al., 2008). The
increase of the MAAT did not exceed +1°C for any of the station. One station even displayed a
negative trend. However, the most recent data available are from the valleys, which deviate considerably from the conditions in the high-mountain areas. The state of information suffers from a
lack of up-to-date high-altitude meteorological data. The Fedchenko station does not provide reliable data since 1995. According to the 4th IPCC report (IPCC, 2007), the median of the projected
increase of the MAAT from 1980–1999 to 2080–2099 for Tajikistan is 3.7 °C.
The changing temperature regime impacts the livelihood of the local communities in both a positive and a negative way (Kassam, 2009). Much of these impacts concern water resources related to
the numerous glaciers and lakes in the headwaters of the valleys.

3 Materials and methods
3.1 Lake identification and classification
The study presented relies primarily on the analysis of medium-resolution satellite imagery. In
order to obtain the most recent state of the lakes in the study area in a consistent way, ASTER
images of 2009 are used as the primary source of information (raster cell size: 15 m). However,
since it is not possible to cover the entire area with cloud- and snow-free scenes from one single
year, let alone day, also ASTER images and pan-sharpened Landsat 7 scenes from 2007, 2008 and
2010 are used. Verification and the collection of additional information for each lake are supported by high-resolution Google Earth scenes.
The manual delineation of the boundaries of each single lake in the study area is preferred to an
automatic procedure. Even though automatic lake identification procedures from optical or radar
satellite imagery are well introduced (e.g., Huggel et al., 2002; Kääb et al., 2005; Strozzi et al.,
2012) it turned out that, in this specific case, the amount of manual post- processing required
would most likely more than offset the advantages of an automated lake detection.
Three lake types are distinguished. The classification scheme chosen is kept as simple as possible,
constrained to criteria identifiable from the remotely sensed data used (Table 1 and Fig. 2). The

330 Appendix A10 – High-mountain lake development in Central Asia

approach can be considered reproducible as the visual image interpretation is based on clear,
largely objective criteria. A more detailed lake classification could only be done at the cost of
higher uncertainties and poor reproducibility. Particularly in the case of glacial lakes (Type 3), no
further distinction into pro-glacial, supra-glacial etc. (e.g., Tweed and Russell, 1999; ICIMOD,
2011) lakes is applied. The transition between the various types of glacial lakes is rather gradual
than sharp and their identification requires at least high-resolution imagery (Kääb et al., 2005) or
even geophysical methods not applicable at the regional scale.
The elevation a.s.l. of each lake is extracted from the SRTM V4 digital elevation model (Jarvis et al., 2008; approx. 90 m raster cell size) using the location of the lake centroid as reference.
The lake area A (m²) is computed from the mapped polygons. All lakes with A < 2500 m² are disregarded.
Table 1 Lake types as distinguished in the mapping and analysis.
Lake type

Criterion

2 Block or debrisdammed lake

Impounded by dams dominated by coarse blocks, debris, or a
combination of both, most commonly representing Pleistocene
terminal moraines, landslide deposits, or talus or debris cones.

1 Erosion lake

3 Glacial lake

Impounded by pronounced rock barriers or embedded in undulating landscapes most likely formed during the Pleistocene, at
some distance from the recent glaciers, but often still above
4000 m a.s.l. The term erosion lake follows ICIMOD (2011).
Either directly embedded in the exposed ice or retained by debris-covered glacier tongues, rock glaciers, or fresh moraines.

Fig. 2 Examples for lakes of the various types – a Erosion lake (Type 1) b Lake impounded by block
or debris dam (Type 2) c Glacial lake (Type 3).
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3.2 Lake area development
The lake evolution or lake area development is expressed as the change of lake surface area during
the observation period both in absolute and relative terms,

D A = A2 − A1 , rA =

A2
,
A1

(1)

where DA is the absolute lake area development (m²), rA is the relative lake area development (ratio) and A1 and A2 are the lake areas (m²) at the beginning and at the end of the observation period. In addition to the entire period from 1968 – 2009, two sub-periods are considered: Period 1
from 1968 – 2002 and Period 2 from 2002 – 2009. Scanned and georectified declassified Corona
images (raster cell size <5 m) are used for 1968, ASTER and pan-sharpened Landsat 7 images for
2001 and – as already explained above – for 2009. Since appropriate ASTER and Landsat scenes are
not available for the entire area from one single year, scenes are also taken from up to two years
earlier or later. Only lakes with a surface area A ≥ 2500 m² in 2009 are considered in the analysis.
The accuracy of lake polygons mapped from medium-resolution satellite imagery suffers from
uncertainties related to the subjectivity of polygon construction and to the geometric distortion of
the imagery, which cannot always be completely removed with reasonable effort. Since lakes are
always flat, the problem of distortion is supposed to be less significant than for mapping efforts on
inclined slopes. However, the distortion uncertainty uc still exists and is tested using Landsat
scenes as reference. uc quantifies the absolute value of the relative difference between the lake
area mapped from the Landsat scene and the lake area mapped from the ASTER or Corona scene.
For Corona scenes, uc ≤14% with 75% confidence, uc ≤20% with 90% confidence and uc ≤27%
with 95% confidence. For the ASTER scenes, the uncertainty of the mapped area uc ≤4% with 75%
confidence, uc ≤6% with 90% confidence and uc ≤13% with 95% confidence. Also the effects of
mapping uncertainty are supposed to be significant at the image resolution used and are therefore
analysed. Empirical tests show that the manual definition of lake boundaries on ASTER images,
based on subjective interpretation, is subject to a mapping uncertainty in the order of one raster
cell (i.e., 15 m). Corona scenes have a higher resolution, but are only available as greyscale images,
making mapping more difficult and uncertain. The mapping uncertainty is set to um = 5 m for Corona imagery. The degree of the effects of distortions and uncertain polygon boundaries on the
derived lake area depends on the lake area itself. Assuming a circular lake,
2
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2
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 Am

− um  π
= (1 + u c ) ⋅ 
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 π

 π
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where Amax and Amin are the maximum and minimum possible lake areas (m²), Am is the mapped
lake area (m²) and um is the mapping uncertainty (m). Growing and shrinking lakes are therefore
defined as
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D A, g = A2,min − A1,max D A, g > 0
,

D A, s = A2,max − A1,min D A, s < 0
,

, rA, g =

, rA, s =

A2,min rA, g > 1
,
,
A1,max
A2,max
A1,min

,

rA, s < 1

,

(3)

(4)

where the subscripts s and g stand for shrinkage and growth. This procedure gives a minimum
number of growing and shrinking lakes, only considering those where the trend of evolution can
be determined with a certain degree of confidence. The real number of growing or shrinking lakes
and the absolute values of DA and rA may be higher.

4 Results
4.1 Spatial distribution of lakes
1642 lakes are identified in the study area: 885 erosion lakes (Type 1 in Table 1; see Fig. 2), 105
lakes impounded by block or debris dams (Type 2) and 652 glacial lakes (Type 3). Table 2 summarizes some statistical key features of the lakes of the various types.
The distribution of lakes of different types and size classes is shown in Fig. 3. The southern Pamir
is a hot spot for erosion lakes, whilst the glacial lakes obviously group together very close to glacierized areas (Fig. 4). However, whilst the density of glacial lakes is comparatively high in the
ranges of the south western Pamir and also in the extensively glacierized central Pamir, almost no
glacial lakes exist in some parts of the western Pamir. These patterns are a consequence of the
topographic characteristics of the various mountain ranges as illustrated by Fig. 5: the ROC (Receiver Operating Characteristic) curves indicate the degree to which the distribution of a binary
target variable (in this case, raster cells with a density of glacial lakes ≥20 are set to 1, all other
raster cells are set to 0) is explained by a predictor variable (density of glaciers and density of areas
with moderate topography, respectively). The true positive rate (fraction of true positive predictions out of all positive observations) is plotted against the false positive rate (fraction of false positive predictions out of the negative observations) at certain threshold levels, i.e., a straight diagonal line would represent a random distribution. Here, all raster cells with a slope <10° are considered as areas with moderate topography, the density of such areas as well as of glaciers is computed with a search radius of 10 km, analogous to the lake density. Not surprisingly, there is a strong
positive correlation between glacial lake density and glaciers (area under curve AUC = 0.833, 0.5
would represent a random distribution). Using the product of glacier density and the density of
areas with moderate topography, the AUC rises only slightly to 0.852, illustrating the dominance
of glacier density as a predictor (see Fig. 5a). When removing all areas with a distance >10 km to
the next glacier from the analysis, the clear preference of the occurrence of glacial lakes in areas
with moderate topography becomes more obvious (AUC = 0.659; see Fig. 5b).
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Fig. 6 plots the distribution of the dam types and the lake areas vs. elevation. Only 26.7% of all
lakes, but 80.6% of the lake area are below 4000 m a.s.l. Out of the total lake area of 727 km², the
Kara Kul – located at approx. 3900 m a.s.l. – accounts for 405 km² or 55.7%. Also most of the other
large lakes in the area occupy areas between 3000 and 4000 m a.s.l., many of them are retained by
block dams at the bottom of large valleys (Type 2; e.g., Lake Sarez and Yashil Kul). Above the
steep valley flanks Pleistocene glaciers have shaped undulating plains. This environment favours
the occurrence of Type 1 lakes (Fig. 7). Above 4500 m a.s.l., in the zone of recent glaciers and
fresh moraines, lakes of Type 3 become more abundant. The highest lakes are identified above
5100 m a.s.l. Most of the lakes below 4000 m a.s.l. are in the northern part of the study area whilst
less than 10% of all lakes in the south western Pamir are located below this threshold.
Table 2 Lake statistics, organized by lake type. n = number of lakes, Amed and Amax = median and
maximum lake area, zmed, zmax and zmin = median, maximum and minimum elevation a.s.l.
Lake type

n

1 Erosion lake

885

Total

1642

2 Block or debris dam
3 Glacial lake

105
652

Amed (km²)

Amax (km²)

zmed (m)

zmax (m)

zmin (m)

0.007

1.89

4505

5109

3057

0.015
0.018
0.010

404.55
88.51

404.55

4294
4265
4395

Fig. 3 Distribution of lakes in the study area according to types and size classes.

5131
4956
5131

1716
2314
1716
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Fig. 4 Density of a all except glacial lakes and b glacial lakes, circle radius = 10 km.

Fig. 5 ROC plots of the prediction rate of the location of the glacial lakes depending on the location of the glaciers and areas with moderate topography – densities within a radius of 10 km are
used for all variables (see Fig. 4) a for the entire study area b constrained to areas within a 10 km
distance from the next glacier – AUC = area under curve.
The high elevation of many lakes leads to the assumption of a certain influence of permafrost,
possibly affecting the stability of the dams themselves as well as the stability of adjacent slopes and
rock walls (Haeberli et al., 2010a). No detailed and up-to-date permafrost investigations are available for the study area, but national or even global datasets of the potential permafrost distribution
become increasingly available (e.g., Gruber, 2012). Here, a map of the potential present and future
distribution of discontinuous and sporadic permafrost in Tajikistan (Mergili et al., 2012) is used. It
was derived by adapting the scheme developed by Haeberli (1975) for Switzerland to the conditions in Tajikistan. Four scenarios of atmospheric temperature increase were assumed, using the
IPCC scenarios until the year 2100 (IPCC, 2007) as reference.
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Fig. 6 Cumulative hypsographic curves of lake number and area.
Table 3 illustrates that 95.6% of all glacial lakes are located in areas with at least sporadic permafrost, and more than 92.2% are found in areas with discontinuous permafrost. Since the lakes of
the other types are, in average, found at a lower elevation, 90.6% of all lakes are located in areas
with at least sporadic permafrost, whilst 81.5% are found in areas with discontinuous permafrost.
Increasing atmospheric temperatures, leading to permafrost retreat, could substantially change this
situation and therefore alter the stability of the dams (see Table 3). With +4°C, 79.8% of all glacial
lakes would be found in areas of at least sporadic permafrost and only 66.4% would be located in
discontinuous permafrost areas. For all lakes, the percentages would assume 66.5% and 52.3%,
respectively.

Fig. 7 Distribution of lakes of the various types according to the elevation – only those lakes above
3000 m a.s.l. are shown, the total surface area for each elevation class (land + water) is shown as
reference.

336 Appendix A10 – High-mountain lake development in Central Asia

Table 3 Number and percentage of lakes located in areas with a potential for discontinuous and
sporadic permafrost for various assumptions of increasing air temperature.
Lake type

n

1 Erosion lake

885

3 Glacial lake

652

2 Block or debris dam

1642

1 Erosion lake

885

3 Glacial lake

652

2 Block or debris dam
Total

+1°C

Discontinuous permafrost

105

Total

+0°C

105
1642

+2°C

+3°C

+4°C

660
(74.6%)

604
(68.2%)

541
(61.1%)

476
(53.8%)

382
(43.2%)

601
(92.2%)

575
(88.2%)

538
(82.5%)

494
(75.8%)

433
(66.4%)

77
(73.3%)
1338
(81.5%)

67
(63.8%)
1246
(75.9%)

Sporadic permafrost

779
(88.0%)
86
(81.9%)
623
(95.6%)
1488
(90.6%)

730
(82.5%)
81
(77.1%)
612
(93.9%)
1423
(86.7%)

60
(57.1%)
1139
(69.4%)
641
(72.4%)
72
(68.6%)
595
(91.3%)
1308
(79.7%)

52
(49.5%)
1022
(62.2%)
571
(64.5%)
66
(62.9%)
557
(85.4%)
1194
(72.7%)

43
(41.0%)
858
(52.3%)
514
(58.1%)
58
(55.2%)
520
(79.8%)
1092
(66.5%)

4.2 Lake evolution 1968–2009
The minimum number and percentage of growing and shrinking lakes are summarized in Table 4,
with the results yielded with the 90% confidence taken as reference and the results yielded with
the 75% and 95% confidence values given in brackets. Fig. 8 illustrates the absolute and relative
patterns of lake evolution.
A highly significant growth of glacial lakes in the observation period can be confirmed, whilst
lakes of the other types do not display such clear signals and have obviously remained largely constant in size in average. The tendency of glacial lakes to grow is much more pronounced in relative
than in absolute terms since the lakes are in average smaller than those of the other types (see
Table 2). 40.8% of all glacial lakes in the study area are confirmed as growing during the observation period with a 90% confidence. In contrast, a shrinking trend can be confirmed for very few
glacial lakes only (see Table 4).
Out of the 266 growing glacial lakes, 214 (80.5%) were smaller than 2,500 m² in 1968 or did not
exist at all. It has to be considered that lakes <2,500 m² are not regarded in the 2009 dataset, resulting in the neglect of disappearing lakes. Even so, a clear trend of growth can be confirmed
since the remaining number of 52 lakes clearly exceeds the number of 12 shrinking lakes.
Erosion lakes show moderate trends in both directions. Only 6.6% of the lakes of Type 1 are confirmed as growing, 4.6% as shrinking. Given the confidence of 90%, at least part of these changes

Appendix A10 – High-mountain lake development in Central Asia 337

may be interpreted as noise. Furthermore, short-term fluctuations of the lake level are most likely
involved. Also the magnitude of growth of these lakes is much smaller than that of glacial lakes,
both in absolute and in relative terms (see Fig. 8). The trends observed for lakes impounded by
block or debris dams (Type 2; 5.7% growing, 2.9% shrinking with 90% confidence) are not considered significant due to the small number of lakes of this type in general.
A significant growth over both of the observation periods 1 and 2 (continuity) can be confirmed
for very few lakes only (see Table 4 and Fig. 8b and f). Most of them are glacial lakes (12 out of
13). This initially surprising finding may be related to less significant trends being covered by the
mapping uncertainty (the confidence interval is relatively broad) and to short-term fluctuations
blurring the long-term trends. However, it also reflects the dynamics of high-mountain geosystems, where changes on various time scales are superimposed. Some glacial lakes appear and grow
within a short time window (sometimes less than one year), whilst others grow ±continuously
over years and decades.
Table 4 Confirmed (90% confidence) number of growing and shrinking lakes in absolute terms
and as percentage of the total number of lakes of each type – the numbers in brackets represent
the results yielded with 95% and 75% confidence (see text for details).
Lake type
1 Erosion lake

2 Block/debris dam

Growing lakes
58 (55-64)
6 (5-6)

Percentage of
growing lakes

Entire period

56 (31-75)

0.0 (0.0-0.0%)

0 (0-0)

1 Erosion lake

1 (1-2)

0.1 (0.1-0.2%)

0 (0-0)

Entire period (continuity)

3 Glacial lake

12 (7-16)

1 Erosion lake

46 (42-50)

Total

2 Block/debris dam

13 (8-18)
6 (5-7)

1.8 (1.1-2.5%)
0.8 (0.5-1.1%)
Period 1

1.9 (0.0-2.9%)

0 (0-0)

23 (19-27)

2.6 (2.1-3.1%)

3 Glacial lake
Total

86 (78-91)

111 (97-121)

1 (0-1)

98 (65-126)

1 Erosion lake

2 (0-3)

1 (0-1)

14.4 (13.7-14.9%)

5.7 (4.8-6.7%)

28.4 (27.3-28.8%)

2 Block/debris dam

0 (0-0)

58 (39-79)

185 (178-188)
237 (225-245)

12 (6-16)

5.2 (4.7-5.6%)

3 Glacial lake
Total

2.9 (2.9-4.8%)

20.1 (18.9-21.2%)

5.7 (4.8-5.7%)

40.8 (38.5-42.6%)

2 Block/debris dam

3 (3-5)

41 (22-54)

266 (251-278)
330 (311-348)

Percentage of
shrinking lakes

6.6 (6.2-7.2%)

3 Glacial lake
Total

Shrinking
lakes

Period 2

13.2 (12.0-14.0%)
6.8 (5.9-7.4%)

6 (0-6)

34 (26-41)
4 (3-5)

12 (9-13)

16 (12-18)

4.6 (2.5-6.1%)
1.8 (0.9-2.5%)
3.4 (1.9-4.6%)
0.0 (0.0-0.0%)
0.0 (0.0-0.0%)
0.2 (0.0-0.2%)
0.1 (0.0-0.1%)
6.6 (4.4-8.9%)
5.7 (0.0-5.7%)

5.2 (4-6.3.0%)
6.0 (4-7.7.0%)
0.5 (0.3-0.6%)
0.0 (0.0-0.0%)
1.8 (1.4-2.0%)
1.0 (0.7-1.1%)
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Fig. 8 Lake evolution for the entire investigation period as well as for the periods 1 and 2 a–d in
absolute terms (x axis: m² growth or shrinkage; y axis: number of lakes beyond the x value) and e–
f in relative terms (x axis: factor of growth or shrinkage), b and f (continuity) include all lakes displaying the same tendency (either growth or shrinkage) in both periods.
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Lake Dasht is not included in the analysis presented here as it did not exist in 2009. However, in
general it is likely that very few lakes have disappeared during the observation period. The Dasht
event was the only major GLOF recorded, and the disappearance of lakes due to sedimentation
usually extends over longer periods.

Fig. 9 Temporal development and sudden drainage of Lake Dasht.
One of the most striking examples of a rapidly developing lake is located in the headwaters of the
Dashtdara Valley (see Fig. 1; referred to as Lake Dasht). Lake Dasht developed probably in spring
or early summer 2001 on the tongue of a debris-covered glacier. None of the older satellite images
indicated the existence of a lake in that place. The lake only slightly increased in area until it
drained suddenly on August 7, 2002 (Fig. 9). The resulting GLOF caused major damage and dozens
of fatalities in the village of Dasht 11 km downstream (Mergili and Schneider, 2011; Mergili et al.,
2012). Only a small pond remained in the former lake bed which did not fill up again. Since the
drainage occurred beneath the glacier surface, the most likely interpretation of the observations is
that a drainage channel within the glacier was suddenly blocked at the end of 2000 or in the beginning of 2001, allowing the development of the lake. With increasing lake size and therefore
pressure, the blockage failed and the lake drained suddenly.
One of the dominant lake evolution processes in the study area is the ±continuous growth of lakes
in the forefield of retreating glaciers. Two unnamed lakes in the headwaters of the Andarabadjdara
Valley (see Fig. 1; referred to as Lake Andarabadj) and the Varshedzdara Valley (see Fig. 1; referred to as Lake Varshedz) are among the largest glacial lakes of this type in the study area. Both
drain to the Gunt Valley (see Fig. 1) and were much smaller in summer 1968 than in 2008 and
2007, respectively (Fig. 10). Table 5 quantifies the absolute and relative evolution of the size of the
two lakes. Whilst there is no indication for a stabilization of the size of Lake Andarabadj, it seems
that the growth rate of Lake Varshedz has reached its maximum earlier and slowed down considerably at least since the beginning of the 21st century. This is confirmed by helicopter surveys in
2009 and 2011, indicating a stable lake size comparable to that of 2007. The glacial lakes in the
Rivakdara Valley (see Fig. 1), another tributary of the Gunt valley, show a similar behaviour as
shown for Lake Varshedz.
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Fig. 10 a Lake Andarabadj and b Lake Varshedz – both lakes have shown a continuous increase in
surface since 1968.
Table 5 Development of the surface areas of Lake Andarabadj and Lake Varshedz in absolute and
relative terms, the percentages relate to the lake area in 2008 (Lake Andarabadj) and 2007 (Lake
Varshedz), respectively.

Lake Andarabadj
Lake Varshedz

1968

1992

2002

2007/2008

20,636 m²

136,492 m²

296,477 m²

407,872 m²

15.3%

64.9%

96.5%

100.0%

5.1%

23,327 m²

33.5%

98,869 m²

72.7%

147,048 m²

100.0%

152,413 m²

Fig. 11 Location of non-glacial lakes (Types 1 and 2) and glacial lakes (Type 3) growing a in Period 1 and b in Period 2.
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Despite the low number of lakes with confirmed growth in both of the periods, the trends shown
for Lake Varshedz and Lake Andarabadj reflect the situation in the study area: in average, glacial
lakes have increased in size in both observation periods, a trend that is confirmed for 28.4% of
them in Period 1 and for 13.2% in Period 2 (see Table 4). The more prominent trend in Period 1
can partly be explained by the longer duration. On the other hand it confirms the general deceleration of lake development in the south western Pamir – with many glacial lakes, including Lake
Varshedz and the lakes in the upper Rivakdara mentioned above – during the first decade of the
21st century. Fig. 11 shows a comparison of growing non-glacial and glacial lakes for the two investigation periods. In Period 1, an increase in size is confirmed for 60 (22.0%) out of the 273 glacial lakes in the south western Pamir, whilst this number has decreased to 25 (9.2%) in Period 2.
In the central and northern Pamir, 52 (34.0%) out of 153 glacial lakes are confirmed growing in
Period 1, 45 (29.4%) in Period 2. Whilst the decrease of the rate of growing glacial lakes in the
south western Pamir is in line with the trend observed for the entire study area, the minor negative trend in the central and northern Pamir is most likely a consequence of the shorter observation period only. The higher ratio of growing glacial lakes in the central and northern Pamir in
general reflects the more dynamic high-mountain environment there. 47.1% of all lakes observed
in 2009 did not exist in 1968 (south western Pamir: 10.3%).
Since the peaks in the central and northern Pamir are in general higher than those in the south
western Pamir, the northward shift of glacial lake growth is reflected in – or is a consequence of –
the elevation patterns. Among those glacial lakes with a vertical extent of their catchment >200 m,
lakes growing in Period 2 are in average found at a lower elevation (4225 m a.s.l.) than those
growing during Period 1 (4470 m a.s.l.). In contrast, the catchments of the lakes growing in Period 2 peak higher up (average maximum elevation for Period 1: 5196 m; for Period 2: 5433 m).
With more elevated accumulation areas of the glaciers and therefore larger ice reservoirs, the termini of the tongues – and consequently also most of the glacial lakes – are found at a lower elevation, compared to those glaciers with a more limited accumulation area.
The number of growing lakes of the remaining types is too small to allow for the derivation of
robust spatial trends. In contrast to the glacial lakes, several erosion lakes were slightly shrinking
in Period 1, a trend that was not observed in Period 2 (see Table 4 and Fig. 8). This phenomenon is
interesting insofar as it counters the trend of the glacial lakes, displaying a more pronounced
growth in Period 1 than in Period 2. It is most likely a consequence of intra- or short-term interannual variations of the lake level as well as of the neglect of lakes <2,500 m² in the 2009 dataset.

5 Discussion
The study illustrates the existence and characteristics of high-mountain lakes in the headwaters of
the Amu Darya River, Central Asia. The evolution of each lake in the period 1968 – 2009 is quantified. Despite the uncertainties connected to the multi-temporal mapping from mediumresolution satellite imagery and to short-term fluctuations of the lake level, it can be confirmed
that glacial lakes are the most dynamic type, with a strong trend of growth. Even though the ex-
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istence of a relationship between glacier retreat and the formation or growth of glacial lakes seems
obvious (see Fig. 10), the quantification of this relationship is hampered by the complexity of the
issue as well as by the relative scarcity of detailed information on the recent glacier development
in the study area. Numerous measurements were discontinued in the early 1990 as a consequence
of the political and economic transformations in Central Asia (IAHS/UNEP/UNESCO, 1998).
Compared to the Tien Shan (e.g., Khromova et al., 2003; Aizen et al., 2006, 2007b; Surazakov and
Aizen, 2006), less detailed recent data are available for the Pamir. Haritashya et al. (2009) analysed
the development of 30 glacier tongues in the Wakhan Pamir (Afghanistan) in the period 1976 –
2003, 28 of which were retreating (maximum rate: 36 m per year). They highlighted the relationship of this retreat to the formation of a number of glacial lakes. Khromova et al. (2006), for the
eastern Pamir, found a decrease of the glacier area by 11.6% (corresponding to 1.05% per year) for
the period 1990–2001, compared to a 7.8% decrease (0.65% per year) for the period 1978–1990.
Mergili et al. (2012) investigated a set of 118 glaciers in the south western Pamir which, in the
period 2002–2007, decreased in area by 1.15% per year in average (1969–2002: 0.48%). The quantification of the retreat of debris-covered glaciers requires detailed investigations at the local scale.
Furthermore, the evolution of lakes as documented in Fig. 8 and Table 4 and shown in Fig. 10 is
not only related to changes of glacier length or area, but also to the subsidence of the glacier surface and the specific topographic conditions. Clusters of glacial lakes can only develop on comparatively flat terrain at the elevation of the retreating glacier tongues. An extremely simple but efficient way of a first-order assessment is to define all areas with a low surface slope. Frey et
al. (2010) used an upper threshold of 5°, a threshold of 10° is applied here. Such conditions were
given over large areas of the south western Pamir during the observation period. The deceleration
of lake development observed there during the last decade may be connected to changing patterns
of glacier dynamics, but also to the retreat of the glacier tongues over steeper terrain. More detailed research on the conditioning of the basal topography beneath the glaciers will be required
in order to predict the future trends for the various parts of the study area (e.g., Linsbauer et al.,
2012; Paul and Linsbauer, 2012).
The moving centre of the growth of glacial lakes from the south western Pamir to the central and
northern Pamir may reflect the trends of glacier dynamics. It is hypothesized that the process of
glacier retreat has started later there than in the south western Pamir. Mergili et al. (2012) have
found indicators for such a trend, but more definitive up-to-date information is still needed. The
climate in the high-elevation areas of the central and northern Pamir is comparably humid, possibly leading to more favourable accumulation patterns than in other parts of the study area and
consequently to a delayed response to the increase in atmospheric temperature. Given the uncertainties and the comparatively short duration of Period 2, the significance of the derived trends
has to be re-evaluated in one or two decades.
The hazard connected to the formation and existence of lakes strongly depends on the dam type.
The dams of glacial lakes (Type 3) commonly contain ice (glacier, ice-cored moraine, rock glacier)
and melting of this ice may drastically change the static equilibrium of the dam. Even though
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many glacial lakes are located on or in front of retreating glacier tongues and display a
±continuous growth, also those lakes quickly appearing or disappearing are highly relevant from a
hazard perspective (2002 Dasht event). There is a potential for the formation of such lakes due to
the presence of numerous surging glaciers which may temporarily block valley outlets (Kotlyakov
et al., 2008). Landslide-dammed lakes of Type 2, in contrast to glacial lakes, are commonly shortlived and often drain within a few days or weeks after their formation (Costa and Schuster, 1988).
However, they may also remain constant in size for decades and centuries. The findings presented
shall be used as input for analysing the susceptibility of mountain communities and infrastructures
to lake outburst floods in the study area, based on the work of Mergili and Schneider (2011) and
Mergili et al. (2011). The regional-scale analysis scheme developed and applied to the south western Pamir by Mergili and Schneider (2011) shall be further improved and extended, and applied to
the entire headwater region of the Amu Darya River.

6 Conclusions
A multi-temporal lake inventory was prepared for the study area. Altogether, 1642 lakes >2500 m²
were detected from remotely sensed data. A clear growing trend was observed among the 652
glacial lakes, which does not apply to lakes of other types (erosion lakes and such lakes retained by
block or debris dams). The long-term lake development is most likely blurred by intra- and short
term inter-annual variations of the lake area. Glacial lake growth is related to glacier retreat or
decay in rather flat areas. A shift of glacial lake growth towards more elevated catchments is observed. However, more data and a longer observation period will be required to confirm this
trend. The lake inventory will be an essential input for analysing the hazards related to possible
lake outburst floods. More data on the glacier development are needed to better analyse the relationship between glacier retreat and lake evolution.
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Abstract
The Río Las Piedras basin in the Biosphere Reserve Cinturón Andino (Colombia) serves as a laboratory for initiatives directed towards sustainable agricultural techniques adapted to climate change
conditions. Building on an improved social capital, the strategies applied aim at the improvement
of the livelihood of the rural population and at the conservation of biodiversity and other ecosystem services. The present paper identifies the indicators of climate change experienced by the
local population and tries to evaluate the success of the strategies applied in order to assess the
applicability of such strategies to other mountain areas. The results indicate that the strategies
applied are largely successful in ensuring the agricultural production and the ecosystem services
also under changing climatic conditions. However, further improvement of the livelihood and
social security are impeded by limited financial resources.

Biosphere reserve, Climate change adaptation, Ecosystem services, Mountain agriculture, Civil
Society Organizations

350 Appendix A11 – Cinturón Andino: adaptación y desarrollo

Resumen
La Cuenca del Río Piedras en la Reserva de la Biósfera Cinturón Andino puede considerarse un
laboratorio para el desarrollo de iniciativas orientadas a la aplicación de técnicas de agricultura
sustentable, adaptadas a las condiciones del cambio climático. Las estrategias utilizadas se basan en
el fortalecimiento del capital social y buscan mejorar las condiciones de vida de la población rural
y conservar la biodiversidad y servicios ecosistémicos. Este trabajo identifica indicadores de cambio climático evidenciados por la población local y evalúa el éxito de las estrategias utilizadas, para
considerarlas en otros contextos de áreas montañosas. Los resultados indican que las estrategias
aplicadas son exitosas para asegurar la producción agrícola y los servicios ecosistémicos en un contexto de cambio climático. Sin embargo, avances mayores en la calidad de vida y seguridad social
son todavía dificultados por limitaciones financieras.

Reservas de la biósfera, adaptación al cambio climático, servicios ecosistémicos, agricultura de
montaña, organizaciones de la sociedad civil

1 Introducción
1.1 Hipótesis inicial y objetivos del estudio
La reserva de la biósfera Cinturón Andino, ubicada en la Cordillera Central de Colombia, representa un área montañosa tropical de gran valor ecológico (Figueroa & Valencia 2009). La riqueza
de esta zona se encuentra en riesgo, tanto por cambios medioambientales, particularmente desencadenados por el cambio climático, como por la aplicación de inadecuadas técnicas de manejo del
suelo (Borsdorf et al. 2011). Asimismo, un desarrollo ecológico y socioeconómico sustentable en el
área, fue dificultado por diversos conflictos armados, tanto entre las fuerzas guerrilleras de las
FARC y paramilitares, como también entre grupos campesinos e indígenas durante décadas. Sin
embargo, a principios del siglo XXI, la región experimenta un proceso de pacificación de los conflictos armados, lo cual permita a esta área convertirse en una región modelo para la cooperación
entre grupos de campesinos e indígenas y a su vez para la promoción e implementación de técnicas
de agricultura sustentable y estrategias de adaptación al cambio climático.
El presente trabajo tiene por objetivo (1) profundizar el conocimiento de los procesos de cambio
medioambientales evidenciados por los campesinos; (2) aprender sobre estrategias de agricultura
sustentable y adaptaciones al cambio climático aplicadas en el área, (3) evaluar el éxito de las estrategias aplicadas para mejorar la calidad de vida de la población y la conservación de los servicios
ecosistémicos; y (4) valorar el potencial de las iniciativas aplicadas en la Reserva de la biósfera Cinturón Andino, para ser transferidas a otras áreas montañosas. La investigación primaria fue desarrollada en la Cuenca del Río Piedras, cerca de la ciudad de Popayán, esto debido a que en este lugar
existen las redes de contacto necesarias para llevar a cabo este tipo de estudio.
Existen escasas publicaciones que se ocupen de la cuenca del río Piedras. Figueroa & Valencia
(2009) entregan una visión general de la biósfera y la biodiversidad de la zona, Borsdorf et al.

Appendix A11 – Cinturón Andino: adaptación y desarrollo 351

(2011) publican una primera contribución sobre cambio climático y cooperación comunitaria y
Borsdorf et al. (2012). Otras reservas de la biósfera colombianas han sido también objeto de estudio
como la Ciénaga Grande de Santa Marta, la cual fue analizada bajo los aspectos de la sustentabilidad por Vilardy et al. (2011).
Las reservas de la biósfera fueron señaladas como regiones modelo para el desarrollo sustentable
por Little et al. (1981); Batisse (1982, 1986, 1997), Schaaf (2003), Lange (2005), y Austrian MAB
Committee (2011). Thiel & Effler (2011) entregan un ejemplo ilustrativo de agricultura sustentable
en la Reserva de la Biósfera Sierra Nevada de Santa Marta; Campbell et al. (2003) analizan las oportunidades de desarrollo participativo y conservación basada en el trabajo comunitario. Tomando en
cuenta estos trabajos, el siguiente artículo responde la interrogante si el camino emprendido por
las comunidades de campesinos e indígenas en la Reserva de la Biósfera Cinturón Andino es apropiado para asegurar la sustentabilidad y sus medios de vida. El caso de estudio seleccionado es un
ejemplo exitoso que puede servir como modelo para otras regiones montañosas de Colombia.

1.2 Reservas de la biósfera como un instrumento para el desarrollo rural sustentable
Las reservas de la biósfera son el instrumento central del Programa Hombre y Biósfera de la
UNESCO, el cual se instauró en 1976 para promover un desarrollo regional sustentable. Las
reservas de la biósfera son áreas extensas y representativas de paisaje natural y cultural, las cuales
deben ser resguardadas en el largo plazo. Ellas representan un reservorio de recursos genéticos y
ecosistemas y son también áreas de uso sustentable del suelo, espacios de educación, investigación
y recreación. Al año 2010, existen 564 reservas de la biósfera en 109 países.
Las reservas de la biósfera deben alcanzar tres objetivos fundamentales: conservación, desarrollo y
logística (Schaaf 2003). La función de conservación debe asegurar el rol del área como fuente genética y refugio de paisajes naturales y culturales; a su vez, se deben resguardar los servicios ecosistémicos (i.e. agua limpia). La función de desarrollo tiene por objetivo la aplicación de técnicas
ecológicas y socioeconómicas sustentables en todos los sectores económicos. La función logística
debe facilitar la investigación multidisciplinaria y las actividades educativas. La UNESCO ha
definido lineamientos operacionales para las reservas de la biósfera como una manera de asegurar
una mejor cooperación internacional. Esto también toma en cuenta leyes nacionales, las cuales
juegan un importante rol en la situación actual de una reserva de la biósfera.
Para asegurar estas funciones, una reserva de la biósfera debe ser organizada en tres zonas (Fig 1):
el núcleo central se caracteriza por permitir un mínimo de actividad antrópica, restringida solo a
investigación y educación. Esta zona es designada para conservación de los ecosistemas naturales,
los cuales no deben ser perturbados por las actividades permitidas. Asimismo, esta zona es
protegida por la legislación del respectivo país, por ejemplo a través de la declaración de Parque
Nacional. En la zona de amortiguación, el uso natural es permitido y actividades deseables son la
agricultura orgánica o el ecoturismo. El modo de vida tradicional y las actividades económicas de
la población, debe contribuir a la conservación del paisaje cultural de alto valor. La tercera zona,
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conocida como zona de desarrollo, es la más extensa y permite diferentes tipos de uso de suelo y
asentamientos. En esta zona, un trabajo en conjunto entre la población, investigadores y la administración de la reserva de la biósfera es deseable, para asegurar un uso adecuado de los recursos
naturales del área durante un periodo prolongado de tiempo.

Fig. 1 Esquema de zonificación de una reserva de la biósfera (Modificado de Lange 2005)

1.3 Escenario local
La Reserva de la biósfera Cinturón Andino abarca una superficie de 8550 km2, ocupando tanto,
parte de la Cordillera Central de Colombia, como del Macizo Colombiano, donde se reúnen la
Cordillera Central, Oriental y Occidental (Fig.2a & Fig.2b). Esta área extremadamente húmeda
juega un rol esencial como reserva de agua y hot spot de biodiversidad (Borsdorf et al. 2011). La
vegetación natural corresponde al bosque mesófilo de montaña, que se extiende hasta los 2000
metros sobre el nivel del mar, bosque nuboso y las tierras altas del páramo andino (aproximadamente entre 3200 a 4000 metros sobre el nivel del mar; Figueroa & Valencia 2009). El páramo
posee una particular capacidad de retención de agua, alimentando algunos de los ríos más largos
del país, como por ejemplo el Magdalena, el Cauca y el Caquetá. Sin embargo, la intervención humana ha afectado la capacidad de almacenamiento de agua de los ecosistemas y los procesos geomorfológicos que participan en la retención hídrica. Como consecuencia tanto la escorrentía, los
patrones de transporte de sedimentos y la susceptibilidad a eventos de remoción en masa resultan
alterados (Harden 2006). Un número de estratovolcanes activos existe a lo largo de la Cordillera
Central, de los cuales, los más altos son el Nevado del Huila (5364m) y el Puracé (4756m).
El núcleo central de la Reserva de la Biósfera está conformado por tres Parques Nacionales (Nevado del Huila, Puracé y Cueva de los Guacharos), mientras que las áreas de amortiguación y de desarrollo han sido convertidas, en gran medida, a tierras de labranza. Parte de la población rural se
declara a si mismo como miembro de una comunidad indígena de la etnia Kokonuko (resguardos
de Paletará, Purace, Kokonuko, Poblazón y Quintana); estas comunidades se organizan
autónomamente, con su propia legislación y son denominados como indígenas, en contraste con
los campesinos, que no pertenecen a este grupo (Borsdorf et al. 2011).
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Fig. 2 Localización del área de estudio: (a) vista general, (b) Reserva de la biósfera Cinturón Andino, (c) Cuenca Río Piedras. Los números 1 a 10 designan la localización de las fincas estudiadas
(elaboración de los autores).
El presente artículo aborda la cuenca del río Piedras, ubicada en las zonas de amortiguación y de
desarrollo de la Reserva de la Biósfera Cinturón Andino, en el lado occidental de la Cordillera
Central, cerca de la ciudad de Popayán (Fig. 2c). La cuenca posee una dimensión de 58 km2 y se
sitúa entre los 1900 msnm y 3800 msnm aproximadamente. Aunque recientemente se ha instalado
una nueva estación en la cuenca del río Piedras, la estación meteorológica más cercana disponible
y cuya información fue utilizada para caracterizar la temperatura y precipitación de la cuenca del
río Piedras, se ubica en la ciudad de Popayán, con un promedio anual de precipitaciones de aprox.
2000 mm. Sin embargo, es esperable debido al efecto de la topografía y la altitud, que el monto de
precipitaciones en la Cuenca del río Piedras sea mayor.
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Fig.3 Climograma de Popayán. Elaboración propia en base a datos del Instituto de Hidrología,
Meteorología, y Estudios Ambientales (IDEAM).
La vegetación natural varía entre el bosque montano lluvioso, al bosque nuboso y el páramo. El
bosque nuboso ocupa la mayor superficie. La mayor parte de los bosques han sido convertidos en
tierra de labranza, algunas áreas remanentes son conservadas en el marco de la red de Reservas. Sin
embargo, muchos de estos ecosistemas protegidos corresponden a bosque secundario y relictos de
roble (Quercus humboltii). Asimismo, una parte de la cuenca fue reforestada con especies arbóreas
introducidas (Eucalyptus spp., Pinus radiata).
Hasta la década de los 90 e incluso en los primeros años del siglo XXI, la zona fue azotada parcialmente por un conflicto armado por la propiedad de la tierra, entre los indígenas y campesinos. La
finca Santa Marta por ejemplo, fue adquirida legalmente por campesinos en 1992, pero tras la
compra, fue sorpresivamente ocupada por indígenas durante años. En 1999, con el apoyo de la
Fundación Río Piedras y la Dirección Territorial Surandina de la Unidad Administrativa de
Parques Nacionales naturales se logró mitigar el conflicto, mediante la elaboración de un Pacto de
Convivencia, que definió normas de coexistencia y respeto entre propiedades indígenas y campesinas y estableció las bases para procesos de pretensión y negociación de tierras privadas de terratenientes o del Estado. A principios del 2000 esta situación fue abordada y gestionada por organizaciones como ASOCAMPO.

1.4 Iniciativas de agricultura sustentable en la Cuenca del Río Piedras
El desarrollo de iniciativas locales para hacer frente a la adversa situación socioeconómica y política en la cuenca del río Piedras tiene una larga tradición. En el 2001 se fundó la Asociación Campesina ASOCAMPO, la cual corresponde a una organización de la sociedad civil (Salamon et al.
2001). Con el advenimiento y establecimiento del neoliberalismo en Latinoamérica durante la década del 80, los gobiernos nacionales delegaron muchas de sus funciones en el ámbito social y medioambiental. Este desarrollo privilegió la formación de organizaciones no gubernamentales sin
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fines de lucro u organizaciones de la sociedad civil (Salamon et al. 1999) muchas de las cuales se
ocupan de asuntos medioambientales Bryant and Bailey (1997). Price et al. (1994) señalaron la
existencia de aproximadamente 500 organizaciones medioambientales no gubernamentales en
operación a nivel nacional y regional, así como otras miles a nivel local operando en Latinoamérica
a principios de los noventa, comparadas con las aproximadamente 50 existentes a nivel nacional en
1979. En Colombia las asociaciones de usuarios de agua en el Valle del Cauca son un ejemplo de
este desarrollo. Este tipo de asociaciones se han creado en 12 cuencas tributarias, con el fin de
proteger las fuentes de agua dulce. Estas operan como asociaciones público-privadas que recolectan
fondos mientras que las obras son implementadas por la autoridad regional ambiental (Echavarría
2002).
Inicialmente, el objetivo principal de ASOCAMPO era actuar como mediador en el conflicto entre
indígenas y campesinos. Una década después, ASOCAMPO con el apoyo constante de la Fundación Río Piedras, se enfoca a la promoción de técnicas de agricultura sustentable bajo condiciones
de cambio climático. Sus objetivos principales son: (1) conservar la integridad ecológica de las
cuencas, (2) promover la agricultura ecológica, (3) impulsar la cooperación entre la comunidad y
(4) conservar los recursos naturales en el área. En un sentido más amplio, las actividades incluyen
también el mejoramiento de infraestructura y la capacitación de los campesinos. Al 2011, un total
de 64 fincas se han unido a la asociación.
La Red de Reservas se encuentra estrechamente relacionada a las actividades de ASOCAMPO. Esta
red es un instrumento perteneciente a las “Reservas Naturales de la Sociedad Civil” (RNSC), la
única categoría de áreas protegidas en propiedad privada incluidas en las categoría del Sistema
Nacional de Áreas Protegidas (SINAP) (Langholz and Lassoie 2000; Langholz et al. 2001). Las 64
fincas que conforman la Red de Reservas, deben destinar una parte de sus tierras agrícolas a la
preservación del ecosistema. En la cuenca del río Piedras, es el bosque nuboso primario y secundario esencial para la conservación de la biodiversidad y para el abastecimiento de agua limpia. El
tamaño de estas superficies protegidas varía entre 10-1 ha y 101 ha.

2 Métodología
En primer lugar, se seleccionó una muestra de las fincas. Una finca es el nombre utilizado en Colombia para designar una propiedad inmueble de carácter rural, la cual puede dedicarse a la
producción agrícola o ganadera. La situación geográfica de las fincas es ilustrada en la Fig. 2, las
características de las fincas son resumidas en la Tabla 2. Para ser seleccionada, la finca debía
pertenecer tanto a ASOCAMPO como a la Red de Reservas y las familias debían estar preparadas
para recibir a un equipo de entre 2 a 6 investigadores (dependiendo del tamaño de la finca y de su
infraestructura), por un periodo de 3 días. La recopilación de información fue realizada, a través de
observación directa y de entrevistas semiestructuradas. En cada una de las fincas seleccionadas, el
equipo de investigadores se involucró, en la medida de lo posible, en las actividades y quehaceres
cotidianos de la familia.
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Tabla 1 Set de Preguntas
1. Contexto (Génesis)

1.1 ¿Desde cuándo existe la Finca?

1.2 ¿Cuál es el origen de la familia?

1.3 ¿Desde cuándo es la finca miembro de ASOCAMPO?
2. Situación Actual

2.1 Altitud sobre el mar en que se encuentra la finca(m)
2.2 Tamaño (ha)

2.3 Porcentaje de la finca según uso: uso agrícola, ganadero, superficie de protección (en porcentaje o hectáreas)
2.4 Número de vacas, ovejas, caballos, gallinas, conejos, cuyes existentes en la finca
2.5 Uso del ganado vacuno (leche/carne) y producción de leche (litro/día y año)
2.6 ¿Que estrategias son utilizadas para la comercialización de los productos?

2.7 ¿Cómo se distribuye el trabajo en la finca? (Hombre/Mujer, Ingresos diarios)

2.8 ¿Que porcentaje de la producción se destina al consumo personal y que porcentaje es vendido?
2.9 ¿Existen otras fuentes de ingreso en la finca aparte del proveniente de la actividad agrícola?
2.10 Infraestructura existente en el hogar
(sanitario, electricidad, teléfono, televisor, internet, telefonía móvil)
2.11 Cartografía de la finca
2.12 Cartografía de la casa

2.13 Radio de acción de la familia (cuan seguido viajan a Popayán, Bogotá, viaje más largo hasta el momento)
2.14 ¿Cuál es el mayor riesgo que consideran para el futuro?
3. Situación futura

3.1 ¿Que cambios ha evidenciado en los últimos años o décadas?
3.2 ¿Cuándo o desde cuando ha observado estos cambios?

3.3 D acuerdo a las respuestas de la pregunta 3.1 detalle los cambios percibidos en el clima y
en el contexto socioeconómico.
3.4 ¿Que ha cambiado para usted desde que pertenece a ASOCAMPO?
3.5 ¿Que medios son usados para informarse en la finca?
(Libros, Periodicos, Televisión, Internet)

3.6 ¿Que estrategias de adaptación existen actualmente en la finca? ¿Cuáles se planean para el
futuro?
3.7 ¿Cuales son las expectativas para el futuro en la finca?

3.8 Si usted ganara un premio de 10 millones de pesos, ¿que haría con ese dinero?

Basándose en un set de preguntas predefinidas, se buscó obtener información cualitativa y cuantitativa acerca del estado de la finca, la situación actual y las expectativas futuras. El set de preguntas
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se presenta en la Tabla 1. Asimismo, se elaboraron cartas de uso del suelo en la finca y sobre la
distribución de las dependencias del hogar.

3 Resultados
3.1 Historia e información básica de las fincas
A excepción de una familia, la totalidad de ellas han residido en la cuenca del río Piedras durante
varias generaciones. Sin embargo, la mayoría de estas fincas fueron adquiridas por los actuales propietarios durante los últimos 20 años. Las parejas de los propietarios son a menudo inmigrantes de
otras regiones de Colombia, la mayoría de ellos provenientes del Departamento del Valle del Cauca, donde se ubica la cuenca del Río Piedras. Siete de las diez fincas estudiadas son miembros de
ASOCAMPO desde su fundación en 2001. La finca El Paraíso, se unió en 2003 y la finca Peña
posteriormente en 2010. Al momento de esta investigación, un total de 64 fincas componen el universo de asociados.
Las fincas seleccionadas para el estudio se distribuyen en toda la cuenca del río Piedras. En la parte
mas baja de ésta, se ubica la finca Cajamarca, a 1700 metros sobre el nivel del mar, mientras que en
la parte más alta, se localiza la finca Santa Marta, a 2750 metros de altitud. Las otras fincas en estudio se sitúan entre los 2200 a 2500 metros de altitud. El área ocupada por cada finca promedia 20
ha. Mientras la familia Escobar, propietaria de la finca Santa Marta tiene una propiedad de 35 hectáreas, la familia Conejo debe sobrevivir con menos de 2 ha. En general, el tamaño de las fincas
aumenta con la altitud. Entre un 10% a 20% de la superficie total es destinada a la protección del
bosque, en el marco de los objetivos de la Red de Reservas. En el caso de la finca Peña se produce
una excepción; 70% de su superficie se encuentra protegida. La Tabla 2 resume la información
básica de las fincas estudiadas.

3.2 Estrategias para la agricultura
Al observar la Tabla 2 queda en evidencia, que todas las fincas estudiadas se orientan especialmente a la ganadería, relegando el desarrollo de cultivos a un segundo lugar. Lo anterior, se desprende
tanto del área disponible para cada tipo de uso y de la importancia económica que estas actividades
representan. Más de un 80% de la superficie de cada finca (excluidas las áreas protegidas) son usadas exclusivamente para pastos y praderas. Algunas de estas áreas corresponden a un uso mixto de
pastos y árboles (silvo-pastoril). El ganado representa el recurso principal de las familias, cada una
posee entre 3 a 11 vacas. Estas son usadas principalmente para la producción de leche; dado que la
producción de carne no es relevante. Cada vaca genera entre 3 a 10 litros de leche por día, parte de
la cual es procesada y convertida en queso. La leche y el queso son la principal fuente de ingresos
de las familias. La mayoría de ellas venden los productos directamente en el mercado de Popayán
(algunos una o dos veces por semana, algunas familias incluso más seguido). Solo una finca, El
Palmichal utiliza un intermediario para comercializar sus productos.
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Por otro lado, en todas las fincas estudiadas, la presencia de aves de corral es un elemento importante tanto para el consumo familiar como para la comercialización de huevos, en algunos
casos. Algunas familias poseen también caballos, ovejas, conejos o cuyes. El cultivo de truchas es
también una actividad popular, la mayor parte de la producción es destinada al autoconsumo, solo
en caso de existir excedentes estos son vendidos en el mercado.
Tabla 2 Datos básicos de las fincas
Cm

Altitud (m)

1700

Agricultura

s.i.

Superficie (ha)
Ganadería

Superficie de
protección

4,9
s.i.
s.i.

FDC

EPar

2460

2500

2720

s.i.

3%

15%

7%

5%

10%

17%
60%

0%

29%

15%

7

7

8

2

3

1,5 -2

7,5

2

14

11

Porcentaje aproximado según tipos de uso
s.i.
s.i.

1
-

83%
14%

75%
10%

71%
21%

Número de Animales

77%
18%

5

70%
20%

3

3

6

11

3

-

-

1

-

2

2
-

3
-

7
-

-

3

25

21

17

80

Truchas

-

-

-

150

60

700

-

Producción de
leche por vaca
(litros por día)

-

8

-

3-4(8)

-

6-10

5

12
-8

4
-

5-7

-

5-6

-

10

71%

35

70%
15%

12

20

15

25

-

-

1800

9

14

28

4

-

22

-

17%

10

15

-

10

1

Gallinas
Cuyes

SM

2300

3

-

P

2380

-

Conejos

LC

2490

Caballos

-

EPal

2207

4

Ovejas

EM

2400

7
5

EL

2500

Vacas

Terneros

EJ

3
6

5-8

3
-

4-5

-

2

10
-

5

3.3 Modo de vida, infraestructura y medios de comunicación
Siete de las diez fincas analizadas están conectadas a la red pública de electricidad; dos familias
usan paneles solares para abastecerse de energía (Tabla 2). Una de las familias vive todavía sin electricidad, siendo también la única sin suministro funcional de agua. Al momento de la investigación, ocho de las fincas poseían infraestructura sanitaria moderna y adecuada (baño completo y
ducha).
Todas las familias tienen acceso a radio con batería, lo que les permite cierta autonomía en su uso.
Por su parte, debido a que el acceso a la electricidad se encuentra en franco aumento, la televisión
ha comenzado a tomar importancia para las familias, 7 de ellas poseen una en casa. En cuanto al
uso de medios escritos de información, solo 4 familias señalaron comprar periódicos durante los
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viajes al mercado de Popayán para informarse. Otros medios de información como Internet tienen
un rol menor, aunque en aumento, sobretodo entre los niños que la utilizan en la escuela o durante
sus estadías en Popayán. Otras fuentes de información mencionadas fueron la propia ASOCAMPO,
libros, conversaciones con amigos y el teléfono celular (existente en todas las fincas).
El trabajo en la finca se divide tradicionalmente de acuerdo al género; las mujeres son responsables
del mantenimiento de la casa, mientras que el hombre se encarga del trabajo pesado. En algunos
casos el trabajo en la finca es compartido. Los roles de cada integrante de la familia dependen de las
necesidades de mano de obra, las necesidades específicas del hogar y si el miembro de la familia
tiene otro trabajo. La mitad de las familias entrevistadas perciben ingresos extras (pensiones, préstamos de familiares, trabajo en otras fincas o trabajos en la construcción de la carretera). Por otro
lado, en cuanto a la movilidad, el radio de acción de los entrevistados varía considerablemente;
mientras cuatro familias (o al menos un miembro de ellas) han estado alguna vez en la capital Bogotá, una en Ecuador y una en la costa Caribe, algunos solo han viajado a los alrededores de cuenca
del río Piedras.

3.4 Cambios percibidos en las últimas décadas
Siete de las diez familias señalaron haber evidenciado un aumento en las precipitaciones estivales
durante los años previos. Asimismo, cinco de estas mismas señalaron que es difícil establecer las
estaciones del año, debido al carácter homogéneo que estas han desarrollado. Por otro lado, dos
familias señalaron reconocer un aumento generalizado de las precipitaciones y también un mayor
número de eventos de precipitaciones extremas, así como fuertes vientos y el aumento de periodos
de sequía. Todos estos fenómenos climáticos son vistos como la causa de cambios en los modos de
vida y en la economía, aunque los entrevistados no fueron capaces de definir la dimensión temporal en que estos cambios han acontecido.
Como efectos negativos de las condiciones de producción se señaló el aumento de plagas y dificultades para determinar los momentos correctos de siembra y cosecha. Como efectos positivos, la
posibilidad de cultivar productos termófilos a una mayor altitud, como café, banano, mango y
aguacate. Este puede ser considerado como un indicador de aumento de la temperatura, el cual no
es percibido directamente. Solo una de las familias percibió más granizadas, bajas temperaturas y
menos precipitaciones, así como un aumento de la radiación solar y un aumento de la erosión.
En cuanto a cambios socioeconómicos, la solución del conflicto entre campesinos e indígenas fue
señalado como el cambio más importante. Por otro lado, algunos campesinos se ven afectados por
los bajos precios de comercialización de sus productos, debido al aumento de la competencia
causada por la importación de productos más baratos desde Ecuador. Una de las familias señaló que
la construcción de la carretera a Popayán ha contribuido a mejorar la calidad de vida de las personas. Otros cambios identificados son el empeoramiento de la salud de los animales y la desmotivación de la población.
Los cambios en las técnicas de agricultura y las estrategias de marketing introducidas por ASOCAMPO son vistas como efectos positivos por la gran mayoría. Solo una persona señaló no identi-
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ficar ningún efecto positivo tras la incorporación a ASOCAMPO. El fortalecimiento de las capacidades técnicas fue nombrado en la mayoría de los casos, lo cual se relaciona con la transformación
a la economía orgánica. La solución del conflicto anteriormente mencionado, es también atribuida
a ASOCAMPO.
La conservación del bosque fue mencionada por dos familias, como también las ayudas financieras
y el mejor marketing y visibilidad impulsada por ASOCAMPO. Otros puntos mencionados fue la
promoción del ecoturismo, mejoramiento de la infraestructura y de la calidad de vida y un mayor
sentido de comunidad.

3.5 Adaptaciones a los cambios percibidos
Las estrategias de adaptación nombradas por los entrevistados se tratan mayoritariamente de adaptación al cambio climático y la mayoría de ellas se relacionan con la membresía a ASOCAMPO. La
agricultura orgánica y la diversificación de la gama de productos pueden ser consideradas como
una adaptación al cambio climático y también al cambio socioeconómico (aumento de la calidad y
mayor diversidad de productos para competir con las exportaciones baratas). La implementación
de cercos vivos y techos plásticos contra la lluvia y el granizo son buenos ejemplos de toma de conciencia de la población ante estos nuevos desafíos y son una medida que ha permitido aumentar la
productividad y preservar el paisaje cultural en general, independiente del cambio climático.
Además, las experiencias de los campesinos indican la reducción de los problemas con plagas. Finalmente, solo una persona entrevistada señaló no aplicar ninguna medida de adaptación.

3.6 Prioridades para el desarrollo futuro
Ante la situación ficticia de tener mucho dinero, la mayoría de las familias entrevistadas, opinó
que si ganaran un monto de 10 millones de pesos colombianos (aprox. 5700 US-$), lo invertirían en
la finca o comprarían más tierras o animales, otra opción considerada es mejorar las técnicas de
producción y comprar maquinarias. La compra de nuevo mobiliario para el hogar e incluso la reconstrucción de la casa, fueron también mencionadas. Tres de los entrevistados viajarían en Colombia o a Europa y dos invertirían en ecoturismo, construyendo un hotel o un camping. Solo dos
entrevistados compartirían el dinero con otras personas (hijos, vecinos).
En cuanto al futuro de la finca, tres familias piensan heredarla en partes iguales entre todos sus
hijos, solo una la cederá a uno de todos sus posibles herederos. Lo anterior se debe a una tendencia
creciente de migración de los hijos a la ciudad, en muchos casos para realizar estudios en la universidad, lo cual es una fuerza expulsora de población que actualmente se presenta con mayor recurrencia en la zona.

4 Conclusiones
Esta investigación ha demostrado que el reforzamiento del capital social puede ser un estímulo
importante para asegurar la paz y el desarrollo sustentable en una región rural. A pesar de que el
capital financiero y material de los campesinos del río Piedras es limitado, estos optimizan el uso
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de sus recursos naturales y humanos, considerando la conservación de los servicios ecosistémicos
que tanto ellos como otras personas utilizan, permitiendo una mejor preparación ante los cambios
producidos, tanto por el cambio climático, como por el socioeconómico. Retomando los objetivos
mencionados al principio de este trabajo, los principales resultados obtenidos son los siguientes:
Los campesinos han evidenciado actualmente cambios en las condiciones climáticas en comparación a las décadas precedentes. La evidencia más importante es el cambio de la temporada lluviosa
con la seca, lo que produce un problema para identificar las estaciones, establecer los periodos de
cosecha y siembra, lo cual ha provocado también un aumento de las plagas. Desde la perspectiva
positiva, el aumento de temperatura ha permitido el cultivo de plantas termófilas en áreas más
altas, como por ejemplo el plátano y el café.
El aumento del capital social (Coleman 1988) y los programas de apoyo de la Fundación Río Piedras en la zona han permitido la introducción de técnicas de agricultura ecológica sustentable,
como la rotación de pastos, la producción y uso de compost, la instalación de barreras contra el
viento y la construcción de terrazas. Asimismo, ha permitido el desarrollo de casas sustentables. De
igual forma el trabajo en comunidad, como por ejemplo en la construcción de barreras antierosión
en la carretera, ha mejorado la comunicación entre vecinos e influenciado positivamente el espíritu de comunidad. De acuerdo a la percepción de los campesinos, la introducción de estas medidas y el refuerzo del capital social han mejorado considerablemente las condiciones de vida. Sin
embargo, resulta difícil cuantificar esta mejora en términos de ingresos u otros indicadores.
Las estrategias implementadas son consideradas como una adaptación al cambio climático, lo cual
se corrobora con la existencia de cultivos de plátano o café en esta altitud. No obstante, 10 años es
un periodo muy corto para establecer con precisión cambios en el clima. Un periodo de observación más extenso en combinación con el análisis de datos climáticos, son necesarios por verificar esta situación descrita por los campesinos.
Considerando estos antecedentes es posible señalar que el modelo desarrollado en la cuenca del río
Piedras puede ser adaptado para su aplicación en otras regiones de montaña colombiana con conflictos similares. Las zonas de amortiguación o de desarrollo en reservas de la biósfera son lugares
ideales para este tipo de iniciativas, las cuales no debieran limitarse solo a estos espacios, sino que
debieran ser adaptadas y aplicadas en otros contextos locales.
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Abstract
Besides existing landslide-dammed lakes there is evidence of former cases in the high-mountain
areas of Europe, Asia and America. In the Holocene, large landslides have repeatedly dammed
lakes. Numerous prehistoric, historic and recent cases are evident where the dams could not resist
the pressure of the impounding water. The result were flood waves characterized by particularly
high peak discharges and long travel distances, leading to disasters where interfering with populated lands downstream. Even though most dam failures occur in the early phase after formation,
lakes may also drain suddenly at later stages. Case studies from Central Asia and Northern Pakistan are employed in order to exemplify the involved phenomena regarding dam formation, outburst mechanisms and flood wave propagation. A particular focus is put on discussing the options
for disaster risk reduction and hazard mitigation.

Attabad, Computer modelling, Flood wave, Hattian Bala, Lake outburst flood, Landslide dam, Siachen-Gayari, Spillway
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1 Introduction
Natural dams of various types retain lakes in many areas of the world. Costa & Schuster (1988)
point out that mainly landslide-dammed lakes, glacier ice-dammed lakes and late neo-glacial moraine dams are prone to fail and to produce potentially destructive lake outburst floods. Whilst
much work has been done on glacial lake outburst hazards (Richardson & Reynolds, 2000), the
present paper focuses on landslide-dammed lakes.
Landslides are common geomorphic processes in high mountain regions such as Central Asia.
Whilst the direct impact of such phenomena on mountain communities is obvious, many landslides are only the starting point of process chains. The formation of landslide-dammed lakes is
often a highly significant secondary effect (Clague & Evans, 1994; Casagli & Ermini, 1999). Such
landslide dams may fail suddenly due to impact waves, internal or retrogressive erosion, resulting
in potentially destructive flood waves downstream. Lakes may also drain stepwise or continuously,
others persist for a long period of time. Costa & Schuster (1988, 1991) and Schuster & Evans (2011)
have shown that most dam failures occur in the first few months after the landslide event. Afterwards, the dam is usually consolidated so far that outburst floods become less likely (Fig. 1). However, impact waves triggered by mass movements into the lake may occur a very long time after
dam formation.

Fig. 1 – Percentage of failed dams plotted against the time after formation (after Schuster & Evans,
2011).
Whilst geomorphic evidence indicates the existence and sudden drainage of landslide-dammed
lakes in earlier stages of the Holocene, very recent cases have illustrated the huge challenge such
phenomena pose for the population and the authorities of (possibly) affected areas.
The present paper is understood as a contribution to the understanding of the dynamics of landslide-dammed lakes and the challenges for risk mitigation in order to minimize future losses. The
lessons learned from three recent cases from northern Pakistan (Hattian Bala, Attabad and Siachen-Gayari) are combined with historical and geomorphologic evidence from past events in Tajikistan and eastern Afghanistan. Figure 2 shows the geographic location of the cases discussed
below.

Appendix A12 – Impact of large landslides, mitigation measures 367

2 Evidence of former events
2.1 Landslide dams in the Tajik and Afghan Pamir
2.1.1 Lake Sarez
The highest natural dam known today, the Usoi Dam, has remained stable for more than 100 years
now. It was formed by an earthquake-triggered landslide in 1911, blocking the Murghab Valley in
the Tajik Pamir (see Fig. 2). Up to 600 m high, it impounded Lake Sarez, now 60 km long with a
volume of 17 km³ (Schuster & Alford, 2004). Since seepage through the dam almost offsets the
inflow into the lake, the lake level rises only approx. 0.2 m per year and has not yet reached the
dam crest. Even though Schuster & Alford (2004) list several possible failure mechanisms, there is
still disagreement upon the level of hazard emanating from Lake Sarez. The dam is rated rather
stable due to the consolidated structure, huge dimensions and the existence of a preferential, noneroding flow path through the dam (Ischuk, 2004, 2011). However, there is a creeping rock mass
heading into the lake which, in case of sudden acceleration, could trigger an impact wave and
consequent overtopping of the dam (Risley et alii, 2006). That rock mass, the dam and the Murghab River downstream are monitored and a flood early warning system was installed.

Fig. 2 – Case studies discussed in the article.
2.1.2 Lake Shiva
Lake Shiva has a maximum length of approx. 9 km and is located in the Shugnan District of northeast Afghanistan, at a distance of approx. 16 km from the south-west of Khorog, capital city of
Gorno-Badakhshan, Tajikistan (see Fig. 2). It is impounded behind a natural composite dam across
the valley of Arakht, a tributary of the river Panj which, in that region, constitutes the border
between Afghanistan and Tajikistan.
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A preliminary geological hazard assessment of the lake and dam was conducted by means of helicopter survey, satellite imagery interpretation and ground check in summer 2011. No immediate
hazard of sudden drainage was detected, but a partial collapse of the dam due to retrogressive and
piping erosion cannot be completely ruled out. Subsequent flood wave modelling of two partial
collapse scenarios have shown that in either case, in addition to all the villages on the way, the
city of Khorog may be affected.
The dam retaining Lake Shiva is 1.6 km wide. Following Shroder & Weihs (2010) it is composed of
the material of at least three landslides and a rock glacier. According to an assessment carried out
by the authors the main part consists of a morainic dam, representing at least two late-glacial stages. This morainic dam, in its northern part, interdigitates with the deposit of a landslide which
rushed down from the slopes to the north, presumably while the landscape had to accommodate
the loss of its ice cover at the end of the last ice age. Perhaps a partial breach of the morainic dam
did occur back then but if so, the gorge is now covered by landslide debris.

Fig. 3 – Lake Shiva composite dam, view to the W. The depression spring (circular lake, diameter
approx. 200 m) and headwater of Arakht torrent in the foreground; to the left of the lake the unstable part of the downstream side of the dam, with a band of much smaller springs, conspicuous
because of spots of green vegetation. Moraine deposit in the centre, rock slide deposit in the right
part of the photograph, the source of the rock slide is farther right.
The dam has since consolidated, and obviously has never been overtopped by the impounded water in the shape it is now (after the possible first breakout). Instead, all the water supplied by the
catchment is travelling through the dam by virtue of seepage, and for the most part is channelled
through the permeable material supplied by the landslide. On the downstream side of the dam,
part of the seeping water emerges in a stable depression spring, thereby creating a small circular
lake (Fig. 3).
However, apart from the large spring with, stable piping, several additional springs have appeared
on the downstream slope of the dam to the south of the main spring. This indicates seepage
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through the comparatively impermeable till constituting the main part of the dam. This has already led to retrogressive erosion of a currently rather small part of the dam affected by the seepage, and it is obvious that repeated slumping is taking place and retrogressive erosion is active (see
Fig. 3). In case these instabilities continue, the dam – in the long run – could be weakened by erosion of its narrowest part, and also be undermined by concentrated seepage (piping).
Furthermore, Shroder & Weihs (2010) describe the dam site as situated at the crossing of two active tectonic lines, which could trigger local earthquakes.
2.1.3 Pasor – Ghudara System
Whilst Lake Sarez and Lake Shiva are prominent examples of still rather intact natural dams, the
Pamir also bears a lot of evidence for failed dams. Several valleys were temporarily blocked by
huge, predominantly coarse-grained deposits. Fine sediments upstream indicate lakes that have
disappeared either by sedimentation or by sudden or stepwise dam failure. Even though the origin
of these deposits is not undisputed and some may represent Pleistocenic moraines, many of them
are identified as landslide deposits. One such example is located in the upper Bartang Valley
(Central Pamir, Fig. 4a). The Pasor landslide dam, approx. 300 m high, blocked the valley and impounded the up to 8 km long Ghudara Lake. The age of the lake sediments was determined as
≤4000 years using Optically Stimulated Luminescence (OSL). After accumulating several tens of
metres of lake sediments, the lake drained in stages and the sediments were deeply eroded. The
narrow gorge through the landslide deposit may have been blocked several times. Downstream
alluvial deposits, which are partly eroded leaving only remnant large blocks, indicate at least one
powerful outburst flood (see Fig. 4b).

Fig. 4 – (a) Pasor landslide (background) and eroded lake sediments in the foreground. The lake
level dropped in several stages. (b) Partly eroded lake outburst sediments directly downstream of
the dam showing typical outburst flood structures.
2.1.4 Dasht-Sulayman System
The Panj Valley, forming the border between Tajikistan and Afghanistan (Wakhan Corridor), is
partly blocked by the deposit of a debris avalanche at Dasht-Sulayman, upstream the town of Ishkashim (see Fig. 2). The origin of the landslide consisting of black slate is located in the mountain
range south of the Panj River. Lake outburst sediments and residual boulders indicate a temporary
blockage of the valley followed by sudden drainage, but historical evidence is missing. Ruins of a
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medieval fortification are situated on an older eastern lobe of the debris (Fig. 5). Detailed interviews in the near village uncovered legends about a "big flood long time ago". Such evidence is
certainly purely speculative but can anyway give some indication of former events. More detailed
geomorphological work is required in order to better understand this and other prehistoric events.

Fig. 5 – Debris avalanche at Dasht-Sulayman upstream Ishkashim in the Wakhan Corridor, Afghanistan. The Panj River eroded the lobe reaching Tajikistan, emptying a temporary lake impounded by the dam. A thin cover of lake sediments exists in the cultivated area on the lower left
side and the ruins mentioned in the text are situated on the upper left of the photo. Washed out
boulders cover the orographic right side of Panj River as remnants of the lake outburst flood. The
eroded cliff on the orographic left side is approx. 50 m high.

2.2 Historical lake outburst floods in northern Pakistan
The Hunza and Indus Valleys of northern Pakistan, deeply incised and seismically active (Shroder,
1998), have a particular history of landslide-dammed lakes (Hewitt, 1982, 1998, 2011) with specific cases in 1841, 1858, 1962, 1974 and 2010.
The largest event is documented from the Indus valley near the Nanga Parbat. In December 1840
or January 1841 a giant earthquake-triggered landslide dammed the Indus River in the vicinity of
Raikot Bridge. The exact location of this natural dam is still disputed, but it impounded a temporary lake with a length estimated between 30 (Shroder, 1998), 57 (Delaney & Evans, 2011) and
64 km (Mason,1929). In early June the barrier was overtopped and breached, leading to a tremendous flood wave down the river. The meagre historical records of this huge flood wave were compiled by Mason (1929). Approx. 3–5 billion m³ of water were released in less than 24 hours, 2 million m³ of solids were eroded within a short time. 430 km downstream, the wave front was described as “a wall of water, mud and rocks” which still had a height of approx. 25 m (Shroder,
1998; NESPAK, 2010). A Sikh army that had camped upstream of Attock was hit by the wave,
with at least 500 casualties. The actual volume of water discharged by the Great Indus Flood is
unknown and estimates vary similar to those regarding lake length, but Mason (1929) gives dimensions of the barrier that would indicate a volume of more than one cubic kilometre. The release of this volume within one day would indicate an average discharge of over 14,000 m³/s, but
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the height of the flood wave at Attock suggests an initial discharge several times higher. Cornwell
& Hamidullah (1992) point out that the estimation of the peak discharge varies from 56,630 m³/s
(Hewitt, 1964) to 509,000 m³/s (Shroder et alii, 1991). Delaney and Evans (2011) calculated a peak
discharge of approx. 114,000 m³/s.
In 1858, another massive slope failure (Ghammessar landslide, 125 million m³) occurred just
downstream of Attabad, close to the village of Sulmanabad. Its extensively eroded toe still contains
boulders 20–30 m in size (Shroder, 1998). The landslide blocked the Hunza River and impounded
a lake, Delaney & Evans (2011) estimate a lake volume of 0.8 km³. In August 1858 the dam was
overtopped and the resulting erosion, more than 300 m deep, led to retrogressive slumping of the
toe of the landslide – on which the town of Sulmanabad is now located – into the river. Mason
(1929) attributes a 20 m flood wave at Attock to the Ghammessar slope failure. According to
NESPAK (2010) the flood led to a wave height of 16.5 m at Attock, the flood hydrograph adding
up to a volume of 1.85 billion m³. This second Great Indus Flood destroyed several villages and
forts downstream of the dam but the population was warned, remembering the 1841 great flood
(Delaney & Evans, 2011).
Additionally to the Ghammessar slope failure, Shroder (1998) describe several other slope failures
in the proximity of Attabad, for instance the older and the younger Serat slope failures just opposite of the 2010 Attabad landslide (see next chapter). An estimated volume of 1.5 million m³ of the
younger Serat landslide was eroded by the river, presumably by an outburst flood. In October
1962 a mass movement was released from the scarp of the Ghammessar landslide, killing six men
of the Public Works Department of the Government of Pakistan and impounding water up to
Gulmit. When the lake drained suddenly after several months, it undercut remnants of the 1858
landslide, causing several houses of the village of Sulmanabad to drop into the Hunza River. However, they had not been occupied as the population was aware of the instability of that slope.
NESPAK (2010) reports of another Hunza River blockage in the area of Gulmit in 1974: this dam
failed due to overtopping a few months later, the resulting flood caused some minor damage.
The 2010 Attabad landslide and formation of Hunza Lake, with its far-reaching consequences for
the region, is a further entry in the long list of events in that area. It is discussed in detail in the
next chapter.

3 Case studies of recent events
Several landslide-dammed lakes have formed in the last 50 years. Examples include the events of
Aini (Tajikistan, 1964), Mayunmarca (Peru, 1974), Val Pola (Italy, 1987), Tsatichu (Bhutan, 2003),
Hattian Bala (Pakistan, 2005), Tangjiashan (China, 2008), Attabad (Pakistan, 2010) and SiachenGayari (Pakistan 2012). Some of these dams have failed. The cases of the failed dam of Hattian Bala
as well as of Attabad and Siachen-Gayari where the dams were still intact in March 2013 shall be
discussed in detail.
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3.1 Case study 1: Hattian Bala Landslide
On October 8, 2005, a magnitude 7.6 earthquake struck Kashmir in northern Pakistan and caused
many casualties as well as severe damage. Several mass movements were triggered. The Hattian
Bala landslide, located at a tributary of Jehlum River southeast of Muzaffarabad (see Fig. 2 for location), was reactivated, resulting in a rock avalanche with a volume of approx. 65 million m³ (Dunning et alii, 2007; Schneider, 2009; Fig. 6). Consisting of sand-, silt- and mudstones of the Murree
Formation, it destroyed a small village and several farms.

Fig. 6 – (a) Proximal base of the Hattian Bala rock avalanche, helicopter at the location of the future spillway channel. Karli Lake is situated at the left of the photograph. (b) Sandstone block of
the Murree formation in the silt-to claystone landslide debris matrix. (c) Cemented debris of a
former landslide at the same location.
An area of 1.8 km² was directly affected by the landslide, the deposit formed a dam with an area of
0.9 km² impounding Karli and Tung rivers and creating two lakes (Fig. 7a, b). Based on the geometry of the embankment, the maximum volume of the lakes, i.e. when the water level equals the
elevation of the lowest saddle of the dam crest, was calculated: Karli (or Zalzal) Lake, the larger of
the two, would grow to a volume of approx. 61.7 million m³, Tung (or Bani Hafiz) Lake to
3.6 million m³ (Schneider, 2009). The portion of the deposit impounding Karli Lake had a maximum depth of 230 m (Dunning et alii, 2007) to 350 m (Schneider, 2009). Large sandstone blocks
were stabilizing the surface of the orographic right (distal) portion of the dam.
After detailed investigations, several measures to mitigate the hazard related to a possible dam
failure were initiated (Schneider, 2009). Besides the installation of a monitoring system and the
design of hazard maps and evacuation plans, it was decided to limit the water level of the lakes
and to ensure controlled overflow by excavating reinforced spillways for Karli Lake and Tung
Lake, with lengths of 425 m and 130 m, respectively. For Karli Lake the spillway was not built not
over the saddle, representing the natural drainage path, but over the centre of the dam in order to
avoid a destabilization of the adjacent slope. The spillway was partly completed in June 2006, but
not reinforced. Its depth was 10 m and the clast size varied from sand to cobbles beneath a rela-
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tively thin, coarse bouldery surface layer (Dunning et alii, 2007). The level of Karli Lake reached
the spillway at the end of March 2007. In June 2007 the spillway appeared stable, but was not
lined. Seepage was observed in the lower, unchanneled section.

Fig. 7 – History of the Hattian Bala landslide and the related lakes: (a) Situation before the landslide. (b) Hattian Bala landslide, Karli Lake and Tung Lake before the breach of the dam. (c) Situation after the breach of the dam with remnants of Karli Lake and Tung Lake.
Due to the increasing consolidation of the dam, Schneider (2009) rated the probability of a failure
as unlikely if the artificial spillway would be lined with sandstone blocks in order to avoid erosion.
However, he also pointed out the scenario of impact waves triggered by the sudden acceleration of
active slumps observed on the margins of Karli Lake, especially on the orographic left side (see
Fig. 7b).

374 Appendix A12 – Impact of large landslides, mitigation measures

In February 2010, a process chain including spill over of the dam of Karli Lake and deep retrogressive erosion of the spillway occurred (Fig. 7c and Fig. 8). The following debris flow led to severe
damage and one fatality downstream. Konagai & Sattar (2012) conclude that the breach can be
attributed to the hydrologic situation (moderate rainfall after dry conditions) in combination with
a deteriorating dam body due to weak weathering resistance of the material. Some landslides observed close to the lake were most likely caused by slope destabilization due to the suddenly lowered lake level and the resulting changes in pore water pressure. However, further investigations
are required in order to fully understand the process chain that occurred here.

Fig. 8 – Eroded breach in the debris deposit of the Hattian Bala landslide below the artificial spillway. Note the landslide scars in the background and the former level of Karli Lake marked by the
snow line. Photo taken on February 10, 2010 by Dr. Kausar from the Geological Survey of Pakistan.

3.2 Case study 2: Attabad Dam
The two Great Indus Floods of 1841 and 1858, as well as smaller events such as GLOFs, increased
the awareness of the local population which is generally prepared against natural hazards. The
village of Attabad registered cracks and slides over a period of several years. On January 4, 2010 a
new 45 million m³ rock slide occurred on the orographic right side of the Hunza gorge, destroying
part of the village of Attabad (see Fig. 2 for location). The landslide occurred in a tectonically very
active region on a local fault just north of the Main Boundary Thrust and was certainly prepared
by seismic destabilization. However, no obvious trigger for the rock slide is evident as the weather
preceding the event was cold and dry and no significant seismic activity was measured. The area
of western Attabad had been declared a high hazard area for a large-scale failure some years earlier
and was therefore evacuated at the time of the event.
At the bottom of the valley, lake sediment presumably originating from the 1858 landslide dam
lake was mobilized through undrained loading and possibly through liquefaction of clay, overtopping the rock avalanche deposit and leading to two secondary mudflows (NESPAK, 2010). One of
them propagated upstream for a distance of approx. 1.5 km, the other travelled 3 km downstream.
It hit the settlement of Sarat, claiming 19 lives. 141 houses became uninhabitable (Petley et allii,
2010).
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As a consequence of the Attabad event, a huge debris deposit in the valley blocked the Hunza River. The length of the embankment along the river is approx. 2 km, the width up to 400 m.
As it is the case for most landslide dams, the highest point (210 m above the old valley bottom) is
situated at the distal part of the deposit. This is where a large amount of the landslide material
accumulated. The saddle is located close to the proximal northern slope of the valley, 126 m above
the original riverbed. Following the saddle, the slope of the downstream face of the dam is 35°
(NESPAK, 2010).

Fig. 9 – Rock slide dam of Attabad, looking SE. The rock slide originated from the lower left side
of the photograph. The photo was taken on May 26, 2010, a few days before overflow started.
Note the erosion channel from seeped water and the boundary between the dark lacustrine deposits and the brighter mass of gneiss rock slide debris.

Fig. 10 – Attabad rock slide and the temporal development of Hunza Lake: (a) and (e) Situation
before the Attabad rock slide. (b), (c), (f) and (g) Growth of the lake prior to overflow (d) lake extent after overflow. (h) Situation after overflow with drainage through the spillway. The white
dashed line shows the extent of the lake on July 7, 2010, the black dashed line shows the extent of
the Attabad rock slide. North is up.
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Fig. 11 – Attabad Dam: Front Works Organization (FWO) excavating the overflow channel in
order to lower the lake level as well as the hazard of an outburst flood wave. (a) Coffer dam to
hold lake water back with drilling rigs for installing explosives. (b) Blasting coffer dam to let the
water erode the artificial channel. (c) Excavators working on deepening the channel. The work is
slow despite the heavy machinery. It can be done stepwise only during the dry season. Note the
large gneiss boulders in a clayey matrix of fine debris mixed with lake sediments, which prevent
the channel being eroded. Photos courtesy of FWO.
The grain size of the dam material ranges from clay and silt to sand, gravel and large boulders. A
large amount of black clay with high organic content was observed in and on the deposit as well as
up- and downstream of the dam (remnants of the secondary mudflows). Laboratory tests of the
lacustrine sediment mobilized by the landslide showed a plasticity limit of 21–22% and a liquid
limit of 28%. The dam is partly covered by an up to 0.5 m thick layer of fine rock powder. The
main part of the dam (the actual rock slide deposit) is gneiss, with intrusions of pegmatite and
aplite. Whilst finer material dominates the area around the saddle, the coarser material and large
boulders have accumulated at the orographic left (distal) side of the dam. The large boulders are
not confined to the top of the embankment, but exist also inside the dam, highly contributing to
its stability.
Seepage through the dam developed after about 2 months (Fig. 9) and then increased in a nonlinear way. At that point, internal erosion by seepage was considered a potential failure mechanism.
In order to decrease the overall volume of the lake and to regulate the future flow over the dam,
the National Disaster Management Authority of Pakistan (NDMA) oversaw the construction of an
artificial spillway at the saddle of the embankment. The result was a narrow channel with a bottom width of about 1 m and a depth of 14 m, mainly in the silty clay of the lake deposit.
Figure 10 illustrates the temporal development of Hunza Lake, monitored by the NDMA. Due to
the morphology of the valley, which broadens farther upstream of the dam, the filling rate of the
lake was initially high and then decreased with time. A slight increase in the filling rate took place
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in spring 2010 due to snow and glacier melt. In the night of May 28 to May 29, 2010 the dam was
overtopped and drained through the constructed spillway. At that point the lake level at the spillway was 111.41 m above the original valley bottom. Overflow increased slowly at first, still allowing for an increase in lake water level of up to 50 cm per day. The spillway underwent retrogressive erosion with almost no basal down cutting. On June 5, inflow and outflow of the lake reached
a balance at a lake level of 115.21 m above the original valley bottom. In May 2011, erosion at the
outflow of the lake was still controlled by large boulders in the dam. Blasting efforts did not significantly alter this situation (Fig. 11).
When overflow started, the lake had reached a length of 21 km and an approximate volume of
450 million m³. In the middle of July 2010, Hunza Lake was about 22 km long, covered an area of
12 km² and had a volume of almost 600 million m³ (Kargel et allii, 2010). The main reason for the
further growth of the lake after the onset of the overflow was the higher inflow during summer.
Flooding of the area upstream of the dam led to the inundation of 240 houses in 5 villages. 23 km
of the Karakorum Highway were destroyed. 25,000 people living upstream of the dam suffer from
lack of economic activity and items of daily sustenance.

3.3 Case study 3: Siachen-Gayari Ice/Rock Avalanche
On 7 April 2011, a snow avalanche from the Saltoro Range hit a northern parent glacier below
Bilafond Glacier in the Siachen Region in Jammu Kashmir, Pakistan (see Fig. 2 for location). The
resulting ice avalanche entrained material from a lateral moraine and overran the Gayari military
camp. 139 people were buried under the deposit of snow, ice, rock and debris which covered an
area of more than 1 km² to a depth of up to sixty metres. Large blocks were embedded in a concrete-like matrix of ice and crushed rock with grain sizes down to silt fraction (Fig. 12, Fig. 13).
Several smaller avalanches from adjacent mountains followed after the main slide. Even though,
due to their limited extent, they caused no additional damage, these slides hampered the search
operations. The compacted debris cone impounded a lake with a surface area that over time increased to 25 ha. Excavating a drainage channel was necessary in order to reduce the hazard of an
outburst flood putting the rescue works as well as the population and infrastructure downstream
at risk (Fig. 14). The excavation efforts were successful and an outburst flood was avoided.
Due to a concerted effort by the Pakistani Army seconded by rescue teams from Germany, Norway, and Switzerland, the number of recovered bodies is increasing each day. Around 450 engineers and workers, with heavy equipment, were working around the clock whenever possible.
Simultaneous efforts were undertaken to tackle effects of intruding water on site such as the inundation of rescue excavations, erosive cuttings and crevasses. This water was slowing down the pace
of rescue efforts.
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Fig. 12 – Siachen-Gayari ice/rock avalanche, looking NW: the remaining tongue of the glacier, the
capped moraine, the ice/rock debris-cone/dam and the beginning of impounding are visible on
this photograph. The buried camp is situated on the left side of the picture, where also the spillway was dug out. Photo taken by Pakistan Army shortly after the event.

Fig. 13 – UNOSAT poster used as base for decision making. The avalanche originated in the firn
area of the Saltoro Range on the left side of the scene, entraining ice from the seracs and till from
the lateral moraine on the orographic right side of the valley. The debris cone/dam and the impounded lake are clearly visible on the post-event scene. Imagery: Ikonos, May 4, 2012.
The Gayari camp was considered a safe place since a 700 years old mosque at the camp site had not
been affected by geohazard processes for centuries. However, with global warming, the subsequent retreat of permafrost and glaciers is putting many settlements and activities in high mountain valleys at risk. Therefore, places formerly deemed safe with regard to natural hazards need to
be reinvestigated. A brief look at satellite images of Kashmir showed several hamlets, camps and
infrastructures located below possibly hazardous glaciers or rock formations, thus being in situations similar to that which led to the tragedy at the Gayari Camp.
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Fig. 14 – Heavy equipment excavating human remains and the artificial spillway. Photo courtesy
of ISPR. Note the compacted debris consisting of ice and crushed rocks. Blasting efforts were not
successful.

4 Challenges for risk mitigation
As demonstrated in the previous chapters, landslide-dammed lakes may drain after a few hours or
days, but may also persist for millennia. Even though most dam failures occur in the first few
months after their formation, lakes may represent hazards several years later (Karli Lake) or may
be at least perceived as such even after 100 years (Lake Sarez). Each stage in the history of a dam
requires specific risk mitigation strategies, including a combination of technical and non-technical
measures.
Immediate emergency measures have to include the construction of erosion-resistant open spillways or drainage tunnels in order to constrain the lake water level. Such structures reduce upstream flooding and pressure on the dam, allowing for controlled drainage. The finding by Schuster (2006) that some spillways work fine while others fail is supported by the recent cases presented here: the Attabad spillway was still working one and a half years after coming into operation in
spite of a rather negative prognosis before. It is often hard to predict the performance of spillways
prior to the actual overflow due to a variety of uncertain parameters, particularly regarding the
internal structure of the dam.
Furthermore, well-designed spillways still have a limited capacity and are not able to withstand
powerful impact waves triggered by mass movements into lakes. In the case of Hattian Bala, such a
wave initiated the retrogressive erosion of the dam because of the absence of rip rap or gabions.
Additional non-technical measures are always required. Such include the evacuation of people
from possibly affected zones. NDMA reported that in the case of Attabad, 2,692 families living
downstream in the district Hunza and Gilgit were evacuated to 25 camps. Since such action is very
sensitive, the extent of the area to be evacuated has to be well defined. A quick method to categorize the susceptibility of downstream areas to inundation due to an outburst flood is to display
their height above the river bed. Such a map can easily be derived using GIS and a digital elevation model, but it does not account for the specific characteristics of the possible flood (inundation
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height, velocity, travel time). Such parameters require the application of physically-based computer models for the propagation of floods and debris flows. Figure 15 shows the hazard indication
map for a possible outburst flood of the Siachen-Gayari lake, based on the assumption of outburst
hydrographs, subsequent physically-based modelling with FLO-2D and the height above river.
Also in the case of Attabad, a combination of height above river and physically-based modelling
was applied in order to support the selection of evacuation areas downstream of the dam.

Fig. 15 – Hazard indication map showing the area downstream of the Siachen-Gayari ice/rock
avalanche based on heights above river and FLO-2D. The hydrograph applied as input to the modelling of the flood wave propagation considers water bulked with sediment and debris.

Fig. 16 – Example of a hazard indication map for a possible outburst of Hunza Lake covering a
section of the valley approx. 80 km downstream of the dam, based on height above river and modelling with FLO-2D. The planes of Gilgit and Danyore are formed by lake sediments of the former
Baktor dam.
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Figure 16 illustrates a section of the resulting hazard indication map, giving a first impression of
potentially affected areas. It has to be strongly emphasized that such maps have to be interpreted
with utmost care and with the awareness of the specific capacities and shortcomings of the input
data applied in the model as well as of the software used. The comparison of the results from more
than one type of model is highly advisable.
Flood propagation modelling often simulates worst-case scenarios, assuming a specific initial situation. Long-term evacuation of downstream areas is generally neither desirable nor feasible from a
socio-economic point of view, apart from the fact that the population of evacuation camps yearns
to return to their houses. Therefore the prediction and early recognition of specific critical situations is essential, particularly in the case of dams persisting for more than a few weeks or months.
However, such tasks have proven to be difficult. Continuous monitoring of possible triggers of
dam failures (e.g., unstable slopes or inflow into the lake) in combination with the installation of
sensors for impact waves and flooding may be highly useful given that (1) the systems are maintained in an appropriate way, (2) they are connected to an operational emergency warning system
and (3) the communities downstream are prepared and know how to react in case. Computer
models can help to estimate travel times and therefore the period available for evacuation.

5 Conclusions
Landslides are common geomorphologic processes in mountain areas all around the world. Sometimes they block entire valleys and impound lakes which may drain suddenly. Steep and narrow
valleys in seismically active zones (like the Pamir of Tajikistan and the Karakoram in Northern
Pakistan) are particularly susceptible as geomorphologic and historical evidence has shown along
with more recent cases.
Even though there are no means to prevent the formation of landslide dams, the prediction of
possible dam failures remains a challenge. Adverse effects on people, property and infrastructures
can be alleviated by applying a combination of appropriate risk mitigation strategies, including
monitoring, awareness and preparedness building. Using the know-how from former events helps
to understand the actual rapid landform change processes.
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Abstract
Landslides starting from unstable slopes threat people, buildings and infrastructures all over the
world and are therefore intensively studied. On the one hand, engineers use sophisticated models
to identify hazardous slopes, mostly based on longitudinal sections. On the other hand, less sophisticated infinite slope stability models are used in combination with Geographic Information Systems (GIS) in order to cover larger areas. The present paper describes an attempt to combine these
two philosophies and to come up with a spatially distributed, three-dimensional model for slope
stability going beyond the widely used infinite slope stability concept. Both models are applied to
artificial topographies in order to compare the outcomes of different slip surface assumptions and
to benchmark the validity of the infinite slope stability model. It was found out that the resulting
factor of safety is highly sensitive to the type of model used and to the slip surface geometry. In
complex terrain, the performance of the infinite slope stability model strongly depends on the
specific situation, particularly on slope curvature and slip surface depth.

slope stability models, factor of safety, GRASS GIS
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1 Introduction
GIS-supported analyses of slope stability, landslide susceptibility and landslide hazard have become very common with increased computational power in the last decade (e.g. Van Westen
2000; Corominas et al. 2003; Van Westen et al. 2006; Godt et al. 2008). Whilst geostatistical approaches have been applied in some countries (e.g. Italy, Spain, South Korea) in order to get a
broad picture of hazardous slopes on the regional or even national scale, deterministic approaches
are chosen for more detailed analyses on the small catchment scale. Infinite slope stability models
are most commonly employed for determining the factor of safety FOSinf (e.g. Pack et al. 1998):
FOSinf =

[

]

c + cos 2 α γ s (d p − d w ) + (γ s − γ w )d w tan ϕ
d pγ s sin α cos α

[1]

where c is the cohesion, α is the slope angle, γs and γw are the specific weights of regolith and water, dp is the thickness of regolith above the failure plane, dw is the thickness of saturated regolith
above the failure plane and φ is the angle of internal friction.
Infinite slope stability models are valid for predicting shallow translational slope failures in rather
frictional than cohesive regolith on uniform, plane slopes. They are often coupled with hydraulic
models (e.g. Wilkinson et al. 2002).
However, this type of model is not necessarily suitable for rotational, deep-seated slope instabilities in cohesive regolith or failures of curved or dissected slopes (which can not be seen as „infinite“). Engineers have based their slope stability calculations on various slip surfaces for many
years. Traditionally, 2D models (longitudinal transects in the direction of the steepest descent) are
used. An overview is given by Duncan and Wright (2005), Schneider-Muntau and Fellin (2005)
provide one of many case studies. The regolith above the slip surface is dissected into a number of
columns, and the stabilizing and destabilizing forces or moments are computed for each of them.
The summed up values are combined in order to compute the factor of safety. The forces between
the columns are unknown in such calculations. There are various assumptions to take them into
account. The simplest one is to neglect them (Fellenius approach). This generally leads to the lowest factors of safety (e.g. Kolymbas 2007). The regolith is assumed as rigid body in these approaches. Elliptical – or ellipsoidal – slip surfaces used e.g. in Xie et al. (2003, 2006) are kinematically not
possible in such a framework. However, calculations with deformable regolith, like finite element
slope stability analyses with the strength reduction technique (e.g. Matsui and San 1992) show
various non-circular slip surfaces. For elliptical surfaces, the interslice forces are often neglected,
since this simplifies the computation considerably. It may be assumed that this yields too conservative estimates of the factor of safety. Monte-Carlo approaches are frequently used for identifying the most critical slip surface for the area under investigation (Xie et al. 2003, 2006).
Using longitudinal sections means that the width of the potential slope failure and the threedimensional topography of the slope are not accounted for. Some few attempts are documented to
overcome this problem by combining the approach described above with GIS, for example the
work of Xie et al. (2003, 2006).
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Very few attempts (e.g. Griffiths et al. 2011; Milledge et al. 2011) to compare infinite slope stability models to more advanced models have been published. Instead, infinite slope stability models
are sometimes applied without reflection on their validity for the problem to be solved since they
are easy to use with GIS. The work presented here is seen as
1. an attempt to integrate a three-dimensional slope stability model based on spherical or ellipsoidal slip surfaces with a raster-based Open Source Geographic Information System
(GRASS GIS; GRASS Development Team 1999-2007), in order to allow for the spatially
distributed analysis of slope stability going beyond the widely used infinite slope stability
concept;
2. an attempt to find out the influence of the slip surface assumption on the factor of safety
and to benchmark the validity of the infinite slope stability model. The geometry of the
potential landslide body and the type of topography (simple or complex) are taken as criteria. Analytically defined topographies are used for this evaluation.

2 Methods
2.1 Model layout
The three-dimensional model is named r.rotstab and works with an ellipsoidal slip surface, defined by the coordinates of the centre, the lengths of the three half axes (a, b and c), horizontal
orientation α, and vertical orientation β. The model offers two ways of selecting the parameters:
1. the slope stability computation is run with user-defined parameters for one single slip surface
2. the computation is run for a user-defined number of times, each time using an ellipsoid
with randomly determined lengths of a, b, c and offset of the centre over the terrain zb. α
and β are determined in the way that a follows the steepest descent of the slope ζ and c is
aligned perpendicular to the terrain surface (Figure 1). Minimum and maximum lengths of
the axes as well as zb are defined by the user in order to constrain the randomization.
After transforming the ellipsoid into the GIS coordinate system, the depth of the slip surface is
determined for each raster cell. The stabilizing and destabilizing forces are then computed for each
raster cell, and the factor of safety FOS3d is derived according to the Hovland model (Xie et al.
2003, 2006):
FOS3d =

∑ [cA + (W cosθ − U ) tan ϕ ]
∑W sin θ

[2]

avr

where A is the area of the slip surface of the cell, W is the weight of the overlying regolith, U is
the pore water force, θ is the angle of the slip surface, and θavr is the average inclination of the slip
surface in the main inclination direction of the possible landslide. Additional forces or seismic
loads are neglected.
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The decisive slip surface is not necessarily the bottom of the ellipsoid: also weak layers within the
ellipsoid are considered. Figure 2 shows the tremendous influence of the choice of the slip surface,
using a simple arbitrary topography with frictionless regolith and a weak layer at 2.5 m depth,
bedded on a resistant layer. The theoretical slip surface (which is a circle in this example) reaches
far into the resistant layer, resulting in rather stable conditions (FOS3d = 2.53). Allowing the regolith to fail at the bottom of the weak layer leads to unstable conditions (FOS3d = 0.64). The model

r.rotstab includes the option to allow slope failures at the interface between two layers.
Maximum length L, width W and depth D of the potential landslide body are expressed in the
coordinate system used in the GIS, with horizontal and vertical axes (see Figure 1b; W runs perpendicular to L and D and is not shown).

Figure 1 Ground plot and longitudinal section of the ellipsoidal slip surface.

Figure 2 Influence of the slip surface on the factor of safety.
The program requires a digital elevation model, the regolith parameters for each layer (cohesion c,
angle of internal friction φ, specific weight γ), the depth of each layer and the groundwater level as
input. After repeating the slope stability computation for each randomly determined ellipsoid, the
minimum factor of safety from the overlay of all slip surfaces is determined for each raster cell. In
addition, a table with the input parameters and the resulting FOS3d for each ellipsoid is generated.

2.2 Test design
Two different sets of tests are performed. The analytically defined slopes used for each test have a
size of 500 x 200 m and are shown in Figure 3. Homogeneous and dry regolith with angle of internal friction φ = 30°, cohesion c = 10 kN/m² and specific weight γ = 20 kN/m³ is assumed for each

Appendix A13 – 3D modelling of rotational slope failures with GRASS 389

test. The regolith overlays unconditionally stable bedrock. The model is run for assumed regolith
depths of 2 m, 5 m, 10 m, 20 m and 40 m. A raster cell size of 2 m is used.
(1) Simple topography: an inclined plane with a slope angle of ζx = 35° in x-direction and ζy = 0° in
y-direction is used. Purpose is to explore the influence of the geometry of the slip surface on the
factor of safety FOS3d and on the ratio FOS3d/FOSinf. Three types of slip surfaces are tested:
(a) spherical slip surface with a = b = c;
(b) ellipsoidal slip surface with a ≥ b ≥ c.
(c) truncated ellipsoidal slip surface, also with a ≥ b ≥ c.
In the case of the truncated ellipsoidal slip surface, the bedrock surface is allowed as slip surface if
the ellipsoid reaches into the unconditionally stable bedrock (see Figure 2). Therefore, this slip
surface may actually be the combination of an ellipsoid and a plane.
For each assumed geometry, FOS3d is taken as the minimum factor of safety from 1000 random slip
surfaces. For the Monte Carlo simulation, a, b and c are constrained between 100 m and 2 m, zb is
constrained between 0 and c.
In addition, the infinite slope stability model is run, yielding a global FOSinf for each assumed
regolith depth. As prescribed for homogeneous and dry cohesive material underlain by stable bedrock, the most critical slip surface is always the bedrock surface.

Figure 3 Hypothetic topographies used for the tests (1) and (2).
(2) Complex topography: a narrow v-shaped valley with a bell-shaped distribution of the slope in
x-direction ζx
tan ζ x =

3.5

π

e

 x − 250 
− 0.5

 80 

2

[3]

and tan ζy = 40° is assumed. The purpose of this test is to identify the influence of complex slope
curvature on FOS3d/FOSinf of potential slip surfaces. For each assumed regolith depth, 10,000 truncated ellipsoidal random slip surfaces are tested. The longest axis of the ellipsoid is constrained
with 20 – 100 m, the shortest axis with 2 – 40 m. The lengths of the three axes and the coordinates
of the centre point of the ellipsoid are varied randomly whilst zb is set to 0. The longest axis of the
ellipsoid is always directed along the steepest slope. For each pixel, the lowest factor of safety
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among the values for all slip surfaces touching the respective pixel is applied as FOS3d. In addition,
the infinite slope stability model is applied for each pixel and FOSinf is computed for the bedrock
surface.

3 Results
3.1 Simple topography
In this case of a quasi-infinite slope, assuming spherical or ellipsoidal slip surfaces makes sense for
cohesive material only. Technically, such assumptions are also applicable to cohesionless material,
but from a physical point of view, rotational failures in slopes with a constant inclination can only
occur in cohesive material.
The factor of safety FOS3d yielded for the most critical condition strongly depends on the regolith
depth and the geometry of the assumed failure plane. Figure 4 shows longitudinal sections
through the slope for all tested cases. In general, FOS3d decreases with increasing regolith depth.
However, the decisive slip surface for a regolith depth of 40 m does not reach the bedrock surface,
but only a maximum depth <30 m. Support by the underlying slope seems to counterbalance the
effect of decreasing stability with increasing slip surface depth, as it is also shown in Figure 5a. It
becomes obvious from Figure 4 that it makes no big difference in FOS3d whether 20 m or 40 m
regolith depth is assumed. This means that, whilst the truncated ellipsoidal slip surface yields the
most critical factor of safety in shallow regolith, the truncated ellipsoid is not relevant any more
when assuming deeper regolith.
For all assumed regolith depths, the most critical factor of safety yielded with the threedimensional model is very close to FOSinf. This is not surprising for shallow regolith where most of
the truncated ellipsoid slip surface is formed by the regolith bottom also relevant for the infinite
slope stability model (see Figure 4). However, it is also true for deeper regolith where the threedimensional slip surface is much shallower than the regolith bottom.
The safety factors yielded for the different slip surface geometries vary much more for shallow
than for deep regolith. The spherical slip surfaces – and for rather shallow regolith also the ellipsoidal slip surfaces – produce significantly higher safety factors than the truncated slip surfaces.
The ratio a/b of the tested ellipsoids has no significant influence on the resulting safety factor. In
general, the ellipsoids with the lowest safety factors are those with rather long a axis and short c
axis. When reducing the length of the a axis at constant depth, FOS3d increases considerably due to
the increased importance of the support by the slope below (Figure 5b). The small circles and ellipsoids identified as most critical for shallow regolith as shown in Figure 4 may be the consequence of an insufficient number of tested random ellipsoids and a too coarse spatial resolution.
Also the difference between the two ellipsoids identified as most critical for 40 m regolith depth
(which should actually be identical) could be eliminated by a much larger number of random simulations.
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Figure 4 Longitudinal sections through the most critical slip surfaces for different regolith depths
and assumed slip surface geometries. Regolith is shown in green, length units are given in metres.
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Figure 5 Variation of FOS3d as a response to slip surface parameters D and L assuming an ellipsoidal
potential failure plane, and comparison with FOSinf.

Figure 6 Ratio FOS3d/FOSinf for complex topography with truncated ellipsoidal slip surface and five
different assumptions of regolith depth.

3.2 Complex topography
Figure 6 illustrates the ratio FOS3d/FOSinf for five different assumptions of regolith depth for the vshaped valley described above. The general patterns show that in rather plane areas, the ratio is
above 1 (FOS3d > FOSinf), a phenomenon which was explained in detail in the previous section. In
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areas with pronounced curvature, the ratio is below 1 (FOS3d < FOSinf). Two types of curvatures
have to be discussed:
1. moderate curvature in x direction without change of direction of steepest slope: the
curved areas for all five assumptions of regolith depth are characterized by lower

FOS3d/FOSinf ratios than the plane portions of the slope – for deep bedrock surfaces, this effect is partly offset, but still clearly visible in principle. The reason for this phenomenon is
that for each pixel, the lowest (and therefore relevant) value of FOS3d belongs to an ellipsoid which covers mainly the steeper portion adjacant to the curved area than the flatter
one, with a lower factor of safety. FOSinf, in contrast, is only influenced by the slope of the
respective pixel and not by its geometric environment.
2. sharp curvature in y direction with change of direction of steepest slope (valley bottom):
except for the pixels directly at the bottom, the influence of the sharp terrain bend is relatively small. The reason for this phenomenon is that the most critical slip surface will
hardly touch both sides of the valley (the slope would be smoothed out and FOS3d would
be high), but only one side.
However, the ratio FOS3d/FOSinf is higher very close to the valley bottom due to the lower probability of this zone to be included in the most critical slip surface (vicinity of the opposite slope).
Similarly, the anomalies at the fringes of the calculation area are caused by the lower number of
relevant ellipsoids there. Both effects would probably be removed (or at least reduced) by considerably increasing the number of random simulations.

4 Conclusions
A GIS-based three-dimensional slope stability model based on spherical or ellipsoidal potential slip
surfaces was presented. The factors of safety yielded with different assumptions of slip surface
geometry were compared to those derived with the infinite slope stability model for two different
analytically defined topographies. The importance of advanced three-dimensional models for
slope stability calculations was highlighted and the influence of slip surface geometry on the predicted factor of safety was worked out.
The choice of an appropriate slip surface is a key for the successful modelling of slope stability.
With the assumptions taken in the present study, truncated ellipsoidal slip surfaces generally produce the most conservative results, with safety factors very close to those yielded with the infinite
slope stability model. However, the truncation is not relevant for deep homogeneous regolith. The
spherical slip surfaces yield higher safety factors. Particularly for shallow regolith, the critical factor of safety yielded by the infinite slope stability model or the truncated ellipsoidal slip surface
differs considerably from the critical factor of safety derived with spherical slip surfaces.
For more complex topographies, the infinite slope stability model does not necessarily provide the
most conservative results: particularly in curved areas, the factor of safety yielded with the truncated ellipsoidal slip surface may be significantly lower. More tests with different slip surface ge-
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ometries and with a variety of terrain geometries are required to get a deeper insight into the
problem. The findings presented here are valid only for the assumed conditions. The suitable assumption of sliding surface geometry to be applied to a specific real-world problem strongly depends on the local conditions.
Furthermore, in-depth analyses of the minimum number of random slip surfaces to be tested in
order to get reliable results as well as of the suitable raster cell size in relation to the slip surface
dimensions are required.
The evaluation of the test results has to consider that the infinite slope stability model and threedimensional models working with spherical or ellipsoidal slip surfaces are not fully comparable:
1. The infinite slope stability model follows a pixel-based approach, whilst the threedimensional model works with aggregates of pixels.
2. The depth of the potential slip surface for the three-dimensional model is prescribed by
the bottom of the ellipsoid, at least in the case of strictly ellipsoidal slip surfaces. The infinite slope stability model, in contrast, is applied with a plane, slope-parallel slip surface.
Whilst the depth of the potential slip surface does not matter for dry and cohesionless regolith, it has a tremendous influence on the stability in cohesive regolith. This hampers the
comparison of the two model types. However, Milledge et al. (2011) state that for length to
depth ratios >17, the infinite slope stability model would be unconditionally suitable,
whilst lower ratios would also be acceptable under certain conditions, particularly for cohesionless, frictional regolith. Milledge et al. (2011), however, used a two-dimensional
model. Also Griffiths et al. (2011) came to similar conclusions: the factor of safety predicted by their finite element analysis approached the factor of safety yielded by the infinite
slope stability model for length to depth ratios >16. However, it has to be emphasized that
for predictive studies, the length and depth of slope failures is not a priori known, so that
process understanding and knowledge on the local conditions are more important than
purely geometric aspects when selecting the suitable model for a specific case study.
3. In general, the infinite slope stability model is rather valid for frictional, cohesionless material, whilst rotational failures rather occur in cohesive material. The suitability of each
model for a given problem therefore also depends on the properties of the rock or debris
involved.
The choice of the appropriate model type and the appropriate slip surface geometry is therefore an
essential step of each hazard analysis which – in the impression of the authors – is too often governed by the background of the investigator and the software and data available rather than by the
so important local conditions. Particularly the relatively easy application of infinite slope stability
models with GIS attracts a lot of research. A sensible choice of the appropriate model is essential
for the outcome of each slope stability analysis. The work presented here is understood as an attempt to facilitate such a choice and to bring forward GIS-based model development beyond the
infinite slope stability concept. However, it has to be emphasized that the results of the present
study are only valid for the parameter combinations tested, and more work is required in order to
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achieve a more comprehensive picture on the suitability of the different methods and geometry
assumptions for slope stability calculations.
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Abstract
We present a model framework for the regional-scale analysis of high-mountain multi-hazard and
-risk indicators, implemented with the Open Source software package GRASS GIS. This framework is applied to a 98,300 km² study area centred in the Pamir (Tajikistan). It includes (i) rock
slides, (ii) ice avalanches, (iii) periglacial debris flows and (iv) lake outburst floods. First, a hazard
indicator is assigned to each relevant object (steep rock face, glacier or periglacial slope, lake). This
indicator depends on the susceptibility and on the possible event magnitude. Second, the possible
travel distances, impact areas and, consequently, impact hazard indicators for all types of processes
are computed using empirical relationships. The impact hazard indicators are finally superimposed
with an exposure indicator derived from the type of land use, resulting in a raster map of risk indicators finally discretized at the community level. The analysis results are presented and discussed
at different spatial scales. The major outcome of the study, a set of comprehensive regional-scale
hazard and risk indication maps, shall represent an objective basis for the prioritization of target
communities for further research and risk mitigation measures.

Central Asia, GRASS GIS, Mass movements, Multi-hazard, Regional scale, Risk indication map
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1 Introduction
High-mountain areas are commonly experiencing pronounced environmental changes such as
permafrost melting and the retreat of glaciers, caused by atmospheric temperature increase (Beniston, 2003; Huber et al., 2005; IPCC, 2007; WGMS, 2008; Harris et al., 2009). Together with earthquakes or volcanic eruptions, they disturb the dynamic equilibrium of the fragile high-mountain
geomorphic systems, leading to an increased occurrence of rapid mass movements (Evans and
Clague, 1994; Huggel et al., 2004a,b; Kääb et al., 2005; IPCC, 2007; Quincey et al., 2007; Harris et al., 2009; Dussaillant et al., 2010; Haeberli et al., 2010a).
Whilst such mass movements often occur in remote areas and remain unrecognized, they may also
evolve into long-distance flows or avalanches affecting the communities in the valleys. Such processes are referred to as remote geohazards. They are commonly related to the massive entrainment of loose material or the interaction of two or more process types (process chain). Several
cases are evident where slope failures including rock and/or ice have converted into long-distance
avalanches and consecutive processes. A striking example is the 1970 Huascarán event (Cordillera
Blanca, Peru) where several 1000 people lost their lives in the town of Yungay (Evans et al.,
2009a). On September 20, 2002, a rock-ice avalanche in the Russian Caucasus entrained a glacier.
The resulting flow continued for 20 km as an avalanche of ice, rock and debris and for further
15 km as mud flow, resulting in about 140 fatalities (Kolka/Karmadon event; Huggel et al., 2005).
On April 11, 2010, an ice avalanche from far upslope rushed into Laguna (Lake) 513 in the Cordillera Blanca, causing a destructive outburst flood (Haeberli et al., 2010b).
Lakes are commonly involved in remote geohazard processes (Costa, 1985; Evans, 1986; Costa and
Schuster, 1988; Walder and Costa, 1996; Walder and O'Connor, 1997). Landslide-dammed lakes
are of particular interest as most of them drain within the first year after their formation (Costa
and Schuster, 1988) whilst others persist for centuries. Glacial lakes, impounded by ice (Tweed
and Russell, 1999) or (often ice-cored) moraines, are commonly coupled to retreating or surging
glaciers and therefore highly dynamic. Such lakes often occur in areas influenced by permafrost.
Some lakes are prone to sudden drainage (Glacial Lake Outburst Floods or GLOFs). Studies of this
phenomenon cover most glacierized mountain areas in the world such as the Himalayas
(Watanabe and Rothacher, 1996; Richardson and Reynolds, 2000; ICIMOD, 2011), the Karakorum
(Hewitt, 1982; Hewitt and Liu, 2010), the Pamir (Mergili and Schneider, 2011), the Tien Shan
(Narama et al., 2010; Bolch et al., 2011), the Andes (Vilímek et al., 2005; Harrison et al., 2006;
Haeberli et al., 2010b), the North American mountains (Clarke, 1982), the Norwegian mountains
(Breien et al., 2008) and the western Alps (Haeberli, 1983; Tinti et al., 1999; Huggel et al., 2002,
2003). GLOFs can evolve in different ways, for example by mass movements into lakes, rising lake
levels leading to overflow, progressive incision, mechanical rupture or retrogressive erosion of a
dam, hydrostatic failure or degradation of glacier dams or ice-cores in moraine dams (Walder and
Costa, 1996; Richardson and Reynolds, 2000). Peak discharges are often some magnitudes higher
than in the case of ordinary floods (Cenderelli and Wohl, 2001). Entrainment may considerably
increase the event magnitude and convert the flood into a destructive debris flow.
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A common feature of long-distance rock mass movements, ice avalanches, debris flows, lake outburst floods and related process chains is their occurrence as rare (low frequency) or singular
events. The location, timing, magnitude and impact area of remote geohazard events are often
hard or even impossible to predict, even though the governing processes are fairly well understood
and specific events were successfully back-calculated with deterministic computer models (Evans et al., 2009a, b). This is particularly true where multiple hazards are evident over a large area
and/or where the resources for a broad-scale continuous monitoring of potentially hazardous situations are lacking, i.e. in developing countries. Here it is essential to identify possible source and –
particularly – impact areas of remote geohazard processes at the broad (regional) scale in order to
prioritize target areas for risk mitigation measures. Huggel et al. (2003, 2004a, b) and Mergili and
Schneider (2011) have presented computer models suitable for the regional-scale analysis of highmountain hazards such as GLOFs, periglacial debris flows or ice avalanches. Some of these models
include process interactions. However, they neither attempt to account for the risk nor are they
applied to very large areas. These gaps hamper a more focused and comprehensive identification of
possible target areas for risk mitigation.
Here we demonstrate a novel model framework for the regional-scale analysis of high-mountain
hazard and risk indicators. In contrast to a hazard and risk analysis, the results of this hazard and
risk indicator analysis help to gain an idea about possible hazards and risks, but represent no direct
information on the hazards and risks themselves as event frequencies, vulnerabilities and exposures are not considered in a strictly quantitative way.

Fig. 1 Processes covered by the high-mountain multi-hazard and -risk indicator model. (a) The
2 km² rock slide deposit impounding lake Sarez, triggered by an earthquake in 1911, (b) hanging
glacier in the Sauksay Valley prone to produce ice avalanches, (c) periglacial debris flow starting
from a rock glacier terminus in the upper Gunt Valley, (d) Lake Varshedz in a southern tributary
of the Gunt Valley, one of many glacial lakes possibly susceptible to sudden drainage. All photos
taken by M. Mergili.
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The analysis includes (i) rock slides, commonly converting into rock avalanches or, in glacierized
areas, into rock-ice avalanches, (ii) ice-avalanches, (iii) periglacial debris flows and (iv) lake outburst floods, often evolving into flows of debris or mud. Examples of these results of processes, or
of situations possibly leading to their occurrence, are illustrated in Fig. 1. Process chains including
more than one of the above process types are also considered. The study area in the Pamir (Tajikistan, Central Asia) is introduced in Section 2. The data used for the study is presented in Section 3
and the model framework is explained in detail in Section 4. Section 5 gives an overview of the
model results which are discussed in Section 6. Section 7 summarizes the essence of the study.

2 Study area
A 98,300 km² study area in Central Asia is considered, extending from 1670 m a.s.l. near Khala-iKhumb to 7495 m a.s.l. at the top of Ismoili Somoni Peak and largely corresponding to the headwaters of the Amu Darya River (Fig. 2). The northern and southern boundaries of the area are
formed by the Alai and Hindukush ranges in Kyrgyzstan and Afghanistan. In between, the Pamir
in the Gorno-Badakhshan Autonomous Oblast of Tajikistan represents the largest share of the
study area.
The western Pamir is characterized by glacierized mountain ranges exceeding 6000 m a.s.l. and
deeply incised valleys. The eastern Pamir represents an arid highland above 3500 m a.s.l. with
glaciers covering only the highest peaks. The more humid northern and central parts of the Pamir
with the Academy of Sciences and Transalai ranges peaks above 7000 m a.s.l. and is extensively
glacierized. The Fedchenko Glacier extends over a length of >75 km and covers a surface area
>700 km².
Intense tectonic uplift, in combination with glacial and fluvial erosion (Mahmood et al., 2008), has
resulted in a particularly pronounced relief. Consequently the geomorphic activity is high, including a large variety of mass wasting processes. These are commonly triggered by earthquakes as the
seismic activity and, therefore, the seismic hazard are significant (Giardini et al., 1999). Few large
historic events such as the 1911 Sarez rock slide (Schuster and Alford, 2004; Risley et al., 2006; see
Fig. 1a) or the 1949 Khait rock avalanche (Evans et al., 2009b) are well documented. The deposit
of the 2 km² Sarez rock slide forms the 600 m high Usoi Dam, the highest dam worldwide. It retains the 60 km long Lake Sarez, the safety of which is still disputed (e.g., Risley et al., 2006).
The climate in the study area is temperate semi-arid to arid and continental with hot summers and
cold winters. Most meteorological stations in the study area have recorded a positive trend of the
mean annual air temperature (MAAT) in the period 1940–2000 (Makhmadaliev et al., 2008). The
state of information suffers from a lack of up-to-date high-altitude meteorological data. According
to the 4th IPCC report (IPCC, 2007), the median of the projected increase of the MAAT from
1980–1999 to 2080–2099 for Tajikistan is 3.7 °C.
A number of studies document the retreat of many glaciers in the study area (e.g. Khromova et al.,
2006; Haritashya et al., 2009; Mergili et al, 2012a), favouring the development of lakes in the glac-
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ier forefields or in subsiding areas on the glaciers. Mergili et al. (2013) detected a total number of
652 glacial lakes in the study area. A GLOF in 2002 caused dozens of fatalities, several more lakes
are susceptible to sudden drainage (Mergili and Schneider, 2011; see Fig. 1d). Further, the retreat
of glaciers over steep rock cliffs (see Fig. 1b) may lead to the increased occurrence of ice avalanches. The shift of the permafrost boundary to higher areas results in the possible destabilization
of rock and debris. Periglacial debris flows observed in the study area are most commonly associated with the termini of rock glaciers (see Fig. 1c).
The valleys in the study area are fairly densely populated, with Khorog as the only urban centre
(see Fig. 1). The local communities strongly depend on the natural resources and are therefore
affected by the consequences of the changing temperature regime in both positive and negative
ways (Kassam, 2009).

Fig. 2 Study area. The dashed red rectangle delimits the area shown in Fig. 11, the yellow polygon
in the upper right inset indicates the extent of the main map.
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3 Data
The data the high-mountain multi-hazard and -risk indicator analysis builds on are summarized in
Table 1. The ASTER GDEM V2, a product of METI and NASA, is used as input digital elevation
model (DEM). It is provided at a cell size of approximately 30 m x 30 m. Here a version resampled
to 60 m x 60 m (the cell size applied for modelling, see Section 4.1) is applied. Secondary data sets
such as elevation with filled depressions, slope and flow direction are generated from the DEM
which is further used to generate a gridded data set of the MAAT, making use of temperature data
recorded at the stations of the Tajik HydroMet Agency and a vertical temperature gradient of
0.0062°C m-1 (Müllebner, 2010; Fig. 3a).
Table 1 Input data, rm = raster map, tc = table column.
Parameter

Data type

Source

Lake ID

rm, nominal

Manual mapping from ASTER and Landsat imagery
(Mergili et al., 2013)

Elevation
Glaciers

For each lake:
Lake type
Lake drainage
Calving of ice
Lake area Al

Lake evolution

rm, m a.s.l.

rm, boolean
tc, nominal
tc, boolean
tc, boolean
tc, m²

tc, boolean

Mean Annual Air
Temperature MAAT

rm, °C

Permafrost susceptibility Sp

rm, nominal

Seismic susceptibility
Ss

rm, g

Exposure E
Community ID

rm, nominal
rm, nominal

ASTER GDEM V2, a product of METI and NASA

Semi-automated classification of Landsat 7 imagery
Qualitative interpretation of ASTER, Landsat and
Google Earth® imagery (Mergili et al., 2013)
Derived from mapped lakes

Mapped, 75% confidence of growing trend in at least
one of the periods 1968–2002 and 2002–2009
(Mergili et al., 2013)
Temperature map of Müllebner (2010) based on regression of data recorded by the Tajik HydroMet
Agency with elevation
Permafrost indication map of Mergili et al. (2012a)
for Tajikistan, based on the adaptation of the rulesof-thumb of Haeberli (1975)
GSHAP Global Seismic Hazard Map (Giardini et al.,
1999): peak ground acceleration PGA with 10%
chance of exceedance in 50 years
Manual mapping of land use from ASTER, Landsat
and Google Earth® imagery

The identification of areas with melting permafrost builds on the permafrost indication map for
Tajikistan presented by Mergili et al. (2012a): a set of rules-of-thumb for the lower boundaries of
areas with a potential for sporadic and discontinuous permafrost in Switzerland (Haeberli, 1975) is
adapted to the conditions in Tajikistan, based on the difference in the 0 C° isotherm of the MAAT.
This set of rules is then combined with the DEM in order to produce a gridded dataset indicating
the possibility of permafrost occurrence for each raster cell. Applying the temperature gradient of
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Müllebner (2010), the effects of atmospheric temperature increase on permafrost distribution are
explored. Areas where the model predicts either sporadic or discontinuous permafrost for the current state, but no permafrost of either of the two types for a temperature increase of +2°C or +4°C,
represent separate classes. Such areas are of particular interest for the permafrost susceptibility
score Sp (Fig. 3b; see Section 4).

Fig. 3 Input data: (a) Elevation and mean annual air temperature, (b) potential permafrost distribution, (c) peak ground acceleration, (d) mapped glaciers, lakes and land use.
The seismic susceptibility of the area Ss is defined according to the peak ground acceleration with
10% chance of exceedance in 50 years (PGA), expressed in relation to gravity g. The Global Seismic Hazard Map (Giardini et al., 1999), an outcome of the Global Seismic Hazard Assessment Program (GSHAP), is employed (see Fig. 3c).
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A raster map representing the glaciers in the study area is generated by a semi-automated classification of Landsat 7 satellite imagery of 2001. Three classes are distinguished: debris-covered glacier, glacier with exposed ice and no glacier (see Fig. 3d). The lakes in the study area are covered by
the comprehensive lake inventory presented by Mergili et al. (2013), providing detailed information on 1640 lakes (see Table 1; see Fig. 3d). Besides the tabular information, a raster map with
the unique ID of each lake is used.
An indicator for the exposure of the communities in the study areas to high-mountain hazards is
generated from a raster map depicting the land use associated with each cell (Fig. 3d illustrates the
distribution of areas with significant land use) derived by the qualitative interpretation of ASTER,
Landsat and Google Earth® imagery. Table 2 shows the key used for deriving the exposure indicator E from the land use map, taking values in the range 0–4. Linear structures such as roads or
power lines are not considered. Each raster cell with E > 0 is associated to one of the 628 communities identified in the study area. The communities largely correspond to the villages depicted in
the Soviet Topographic Maps 1:50,000 and 1:100,000. However, two or more villages are grouped
to one community in cases where cells with E > 0 cannot clearly be assigned to one specific village.
Table 2 Risk indicator R: combination of the impact hazard indicator IH (see Section 4.1) and the
exposure indicator E with scoring scheme for E as a function of land use.
E↓IH→

Land use

6

5

4

3

2

1

0

3

Farmland or pastures with some buildings

5

4

3

2

1

1

0

4 (Higher)
2
1

0 (Lower)

Built-up areas, often mixed with farmland or pastures

Farmland, pastures or forest with no or few buildings
Extensively used or temporarily unused land
No identifiable land use

6
4
3
0

5
3
2
0

4
2
1
0

3
1
1
0

2
1
1
0

1
1
1
0

0
0
0
0

4 Model
4.1 Concept of the multi-hazard and risk indicator analysis
The high-mountain multi-hazard and -risk indicator computer model is implemented with the
Open Source software package GRASS GIS (Neteler and Mitasova, 2007; GRASS Development
Team, 2013). This software builds on a flexible modular design. Simple bash scripting can be used
to facilitate work flows by combining existing modules. Furthermore, new modules can be added
by individual developers, so that the standard GIS functions are complemented by a large array of
more specialized applications. Such applications can be used individually or made publicly available. Examples of mountain hazard models implemented with GRASS GIS include r.debrisflow
(Mergili et al., 2012b), r.avalanche (Mergili et al., 2012c) and r.rotstab (Mergili et al., submitted).
The model presented here builds on a combination of newly developed or upgraded modules and
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bash scripts. The logical framework of the model is illustrated in Fig. 4, the modules dealing with
the specific process types are detailed in Section 4.2 to Section 4.5. The model is executed at a raster cell size of 60 m x 60 m.

Fig. 4 Logical framework of the high-mountain multi-hazard and -risk indicator model.

Fig. 5 Simplified logical framework valid for each of the four modules r.rockslide, r.iceaval,
r.periflow and r.glof. The specific characteristics of each module are outlined in Section 4.2 – Section 4.5.
The high-mountain hazard indicator analysis procedure applied at the regional scale aims at the
identification of possible (i) source areas and (ii) impact areas of hazardous processes. The risk in-
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dicator analysis combines the indicator for hazard in the impact areas, the impact hazard indicator

IH, with the exposure indicator E there in order to derive a risk indicator R in the range 0–6. Table 2 shows the matrix employed for the combination of IH and E.
The following types of processes are considered: (i) rock slides, (ii) ice avalanches, (iii) periglacial
debris flows and (iv) lake outburst floods. All of them show a potential for long travel distances
and therefore represent a significant threat for the populated areas in the valleys. Even though
each process type is considered separately, interactions are included in the model, such as triggering of a lake outburst flood by the impact of an upslope mass movement (see Fig. 4).
The scoring scheme employed for the hazard indicator analysis follows the same basic principle
for all types of processes (Fig. 5). It builds on susceptibility, hazard and risk indicators to be understood as ordinal numbers, not allowing for the use of arithmetic operations. Two-dimensional matrices are therefore used, all indicators can take values in the range 0–6 (Table 3 and Table 4).
The hazard indicator H for the onset of a process is computed by combining a score for the susceptibility S with a score for the possible process magnitude M (see Fig. 5). The susceptibility is understood as the tendency of a lake, part of a glacier or slope to produce an event and acts as a surrogate for the frequency. The possible process magnitude is based on the possible onset volume
(rock slides) or on the possible onset area (ice avalanches, lake outburst floods; see Table 3).
The impact susceptibility represents the tendency of a GIS raster cell to be affected by one of the
considered processes. It is derived by routing the mass movement from the onset area down
through the DEM. At the regional scale, empirical relationships are suitable for relating the travel
distance L or the angle of reach ωr of a flow to the involved volume V or the peak discharge Qp, or
for defining a global value of ωr. The appropriate values or relationships are employed for each
process type, applying the lower envelope (ωr,E, maximum travel distance) and the average ωr,A
usually observed for the considered process (see Section 4.2 – Section 4.5). A random walk procedure weighted for local slope and maintenance of flow direction is applied for routing. This, by
applying a sufficiently large number of random walks, ensures a certain degree of lateral spreading. Furthermore, the linear distance from the starting point has to increase with each step of the
routing procedure. For each passed cell, the average slope angle from the starting point, ω, is updated. Each random walk terminates as soon as ω ≤ ωr,E. The impact susceptibility score I of each
cell builds on the maximum of the ratio
𝑟𝜔 = 1 −

tan 𝜔𝑟,𝐴 −tan 𝜔

tan 𝜔𝑟,𝐴 −tan 𝜔𝑟,𝐸

Eq. 1

over all random walks. rω = 1 at the average angle of reach and rω = 0 at the lower envelope (see
Table 4). I is determined separately for each hypothetic event. The impact hazard indicator IH
map, discretized on the basis of GIS raster cells, is derived by combining H and I (see Fig. 5).
As the final step of the hazard indicator analysis, the impact hazard indicators for all hypothetic
events are combined in order to derive a raster map of the global impact hazard indicator IH:
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Eq. 2

𝐼𝐼 = 𝑚𝑚𝑚(𝐼𝐼1 , 𝐼𝐼2 , … , 𝐼𝐼𝑛 ),

where the subscripts i = 1, 2, ... , n represent the hypothetic event IHi is associated with, n is the
total number of possible onset areas for the considered process type.
Whilst the general concept outlined is applied to all types of hazards, the specific procedures for
each process type are detailed in Section 4.2 – Section 4.5. Below, the subscript rs stands for rock
slides, ia for ice avalanches, pf for periglacial debris flows and lo for lake outburst floods. Maps of

IH and R are determined separately for each process.
Table 3 Hazard indicator H: combination of S and M, with thresholds of (a) rock slide volume Vrs
(106 m3), (b) area of hanging glacier Aa (103 m2) and (c) lake area Al(103 m2).
M↓S→
6 (Higher)

(a)

(b)

≥24.3

≥200.0

(c)

6

5

4

3

2

1

0

50.0 – <100.0

5

5

4

4

3

2

0

≥200.0

5

8.1 – <24.3

100.0 – <200.0

100.0 – <200.0

2

0.3 – <0.9

12.5 – <25.0

12.5 – <25.0

4
3
1

0 (Lower)

2.7 – <8.1

50.0 – <100.0

0.9 – <2.7

25.0 – <50.0

0.1 – <0.3

25.0 – <50.0

5.0 – <12.5

<0.1

5.0 – <12.5

<5.0

<5.0

6

6

6

5

5

4

4

3

3

2

0

0

5

5

5

4

4

3

3

3

2

2

0

0

4
3
3
2
2
0

3

0

2

0

2

0

2

0

1

0

0

0

Table 4 Impact hazard indicator IH: combination of H and I, rω is computed according to Eq. 1.
I↓H→
6 (Higher)

rω
≥2.000

5

1.500 – <2.000

2

0.333 – <0.667

4
3
1

0 (Lower)

1.000 – <1.500

0.667 – <1.000

≥0.000 – <0.333
<0.000

6

5

4

3

2

1

0

5

5

4

4

3

2

0

6
6
5
4
3
0

6
5
4
3
2
0

5
5
4
3
2
0

5
4
3
3
2
0

4
3
3
2
2
0

3
2
2
2
1
0

0
0
0
0
0
0

Given the uncertainties inherent to the regional-scale hazard and risk indicator analysis, the discretization of the results at a raster cell size of 60 m x 60 m may pretend a level of detail not supported by the methodology used. According to the purpose of the study, the prioritization of target communities for risk mitigation measure, community-based risk indicators for each process
type (CRrs, CRia, CRpf, CRlo) are derived. The maxima of the raster cell-based risk indicators over all
cells representing the considered village are applied. However, if the highest risk indicator R assigned to a community applies to an area <10,000 m², CR is reduced by 1. In such cases a lower
indicator class of R, if it applies to a larger area, may determine the CR class for the community.
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4.2 Rock slide hazard indicator
The GRASS raster module employed for the rock slide hazard indicator analysis is named
r.rockslide and, to some extent, builds on the approach of Hergarten (2012).
Loops over all raster cells within the study area are performed separately for four assumptions of
sliding plane inclination βs,i (Table 5). If the local slope β > βs,i for a tested cell, the cell is considered as seed cell for a possible rock slide. In order to simulate a progressive failure, an inverse cone
with a vertical axis and an inclination of βs,i is introduced. The apex of this cone coincides with the
seed cell. All material above the cone surface (terrain elevation > cone elevation) is considered as
potential rock slide material, imitating a rock slide involving all over-steepened terrain with respect to the base cell. For each seed cell, the volume Vrs removed by the associated rock slide is
recorded.
The susceptibility score Srs for each cell with terrain elevation > cone elevation is determined according to Table 5, including the sliding plane inclination βs,i and the permafrost susceptibility Sp
as conditioning factors, and the seismic susceptibility Ss as possible triggering factor. Srs can take
values in the range 0–6. The rock slide hazard indicator Hrs is computed according to Table 3, with
the possible event magnitude represented by the rock slide volume Vrs. Each cell may possibly be
affected by rock slides from more than one seed cell. The final hazard indicator for each raster cell
is defined as the maximum of Hrs,i out of all relevant possible rock slides i:
𝐻𝑟𝑟 = 𝑚𝑚𝑚�𝐻𝑟𝑟,1 , 𝐻𝑟𝑟,2 , … , 𝐻𝑟𝑟,𝑛 �,

Eq. 3

where the indices 1, 2, ... n denote the id of the considered possible rock slide, n is the number of
possible rock slides.
Table 5 Rock slide susceptibility score Srs. The initial values of Srs are determined from the sliding
plane inclination βs,i, these values are then increased according to permafrost susceptibility and
seismic susceptibility, g is gravity (m s-2).
Criterion

Sliding plane inclination
βs,i

Permafrost susceptibility
Seismic susceptibility

Remarks

Srs

tan (βs,i) ≥1.667 – <2.000

3

tan (βs,i) ≥1.000 – <1.333

1

tan (βs,i) ≥2.000

4

tan (βs,i) ≥1.333 – <1.667

2

No permafrost or stable permafrost

±0

PGA ≥0.34 – <0.65 g

+1

Susceptible to melting at ΔMAAT >0 – 4°
PGA <0.34 g
PGA ≥0.65 g

+1
±0

+2

The expected travel distance is estimated separately for each single possible slide, using a relationship of the type
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log10 tan 𝜔𝑟 = 𝑎 log10 𝑉𝑟 + 𝑏,

Eq. 4

where ωr is the angle of reach and Vrs is the rock slide volume. The curve has to be cut off at
tan ω = tan φ, where φ is the angle of repose. Eq. 4 is only valid as long as the slide starts from
rest. a and b depend on the process type, b can also be varied in order to account for uncertainties
of the relationship used. Two relationships are applied:
1. For rock slides in non-glacierized areas, the prediction curve suggested by Scheidegger
(1973) is used. It was derived from a set of 33 historic and prehistoric events. The correlation coefficient is 0.82, the standard deviation is 0.14298. a = -0.15666, b = 0.62419 for the
average and 0.36418 for the envelope.
2. It is well established that rock slides in glacierized areas often convert into rock-ice avalanches with longer travel distances (Evans and Clague, 1988; Bottino et al., 2002). If the
rock slide starts in a glacierized area, or as soon as it moves over a glacier, the relationship
suggested by Noetzli et al. (2006) is applied: a = -0.103, b = 0.165 for the average and -0.040
for the envelope.
The steeper regression line for non-glacierized areas results in the prediction of longer travel distances by the Scheidegger (1973) model for very large volumes (Vr > 361 106 m³ for the regression,

Vr > 34 106 m³ for the envelope). This phenomenon has no physical basis but can most likely be
attributed to a lack of very large events in the data set used by Noetzli et al. (2006). In the
r.rockslide model, the relationship yielding the longer travel distance is used for rock slides in
glacierized areas. Further, the runup height RH at the opposite slope is limited by the envelope of
the regression derived from the dataset presented by Hewitt et al. (2008):

log10 RH ≤ 0.375 ⋅ log10 Vr − 0.62077 .

Eq. 5

100 random walks are performed for each rock slide or rock-ice avalanche, each of them starting
at the highest raster cell of the hypothetic failure plane. The impact susceptibility score Irs and the
impact hazard indicator IHrs are finally derived according to Eq. 1, Eq. 2 and Table 4. Eq. 1 is here
applied with the logarithms of tan ω, tan ωr,E and tan ωr,A.

4.3 Ice avalanche hazard indicator
The slope beyond which glaciers or portions of glaciers are susceptible to produce ice avalanches
depends on the properties of the ice which are strongly determined by the ice temperature. As
data on ice temperature is not commonly available, mean annual air temperature is often used as a
surrogate. Huggel et al. (2004a) state that temperate glaciers produce ice avalanches at slopes
above 25°, cold glaciers at slopes above 45°. Here, a set of 11 cases (Alean, 1985; Huggel et al.,
2004a) is taken as the basis for devising a scheme for ice avalanche susceptibility Sia (Fig. 6). The
module r.iceaval builds on a quadratic regression fitted for this purpose, with

tan β = 3.2 ⋅ 10 −3 MAAT 2 − 2.03 ⋅ 10 −2 MAAT + η ,

Eq. 6
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where β is the slope and MAAT is the mean annual air temperature (°C). The intercept η = 0.5555
for the regression and 0.357672 for the envelope. The thresholds applied to the ice avalanche susceptibility classes Sia = 0–4 are determined from Eq. 1 with η set in the way to split the data set
into quartiles (see Fig. 6). Sia is increased according to the seismic susceptibility (see Table 1) so
that the possible score values cover a range from 0–6.
Next, clusters of cells with Sia>0 are identified. Sia is increased by 1 for all clusters at glacier termini
(no abutment). The ice avalanche hazard indicator Hia is derived according to Table 3, combining

Sia and the area of each cluster.
For each cluster, 100 random walks are applied for routing the possible ice avalanche down, starting at the highest point of the cluster. According to Huggel et al. (2004a), the travel path of ice
avalanches is constrained by an average slope of 17°, except for very large events (>5 106 m³).
However, such events are most commonly rock-ice avalanches or complex process chains (e.g.,
1962 and 1970 Huascarán events, 2002 Kolka/Karmadon event), which are covered separately
here, or related to volcanic processes (1980 Iliamna event, Alaska). Therefore, and since the ice
avalanche volume cannot be derived with the method applied, we constrain the impact area with
an average slope of 17° (tan ωr,E = 0.31). In the dataset used by Huggel et al. (2004a), the minimum
value of the average slope is tan ω = 0.44, tan ωr,E is set to the average 0.375 and Iia is computed
according to Eq. 1. Eq. 2 and Table 4 are applied in order to derive the ice avalanche impact hazard indicator IHia.

Fig. 6 Scoring scheme applied for ice avalanche susceptibility according to data presented by Alean
(1985) and Huggel et al. (2004a).

4.4 Periglacial debris flow hazard indicator
Melting permafrost on steep slopes leaves behind a certain amount of loose debris susceptible to
mobilization as debris flows. Such processes may occur in the active layer, but even more where
permafrost is retreating. Here, we only consider areas where retreating permafrost is assumed (see

Appendix A14 – Pamir multi-hazard and risk indicators 411

Table 1; Mergili et al., 2012a). Huggel et al. (2004b) noted that, in contrast to ordinary debris
flows, parameters such as slope curvature or the proximity to the stream network are hardly significant for the onset of such processes. Further, they commonly occur at slope angles from 27–
38°. Table 6 shows the scheme applied here, in the module r.periflow, for deriving the susceptibility of each raster cell to periglacial debris flows Spf in the range from 0–6. We follow the findings
of Huggel et al. (2004b) with regard to slope. Unfortunately, no means for the reliable distinction
of bedrock and debris at the relevant scale are known to the authors. Besides slope and the state of
the permafrost, the seismic susceptibility is considered for deriving Spf (see Table 1 and Table 6).
In contrast to the other processes considered in the present study, there are no means to approximate the onset volume and therefore the process magnitude. Clusters of susceptible cells are often
large whilst the onset of debris flow processes is most commonly a rather localized process. We
therefore use the approximation Hpf =Spf.
Consequently, the routing procedure (i) has to be started separately from each raster cell with

Spf > 0, and (ii) the average slope determining the impact area has to be independent from volume.
Due to the commonly large clusters of starting cells, only 10 random walks are started from each
cell. Huggel et al. (2004b) give an envelope average slope of the travel path of 11° (tan ωr,E = 0.194)
which is also applied here. The maximum average slope is taken from Corominas et al. (2003) who
provide a value of 26° (tan ω = 0.488) for debris flows <800 m³ propagating on undisturbed flow
paths assumed for the study area. The average of the two values, 0.341, is taken as tan ωr,A. Ipf is
computed according to Eq. 1. For Ipf < 4, the runup on the opposite slope is restricted. Eq. 2 and
Table 4 are applied to derive the periglacial debris flow impact hazard indicator IHpf.
Table 6 Scoring scheme for periglacial debris flow susceptibility Spf.
Criterion
Slope β

Permafrost susceptibility
Seismic susceptibility

Remarks

Slo,i

tan β <0.5

0

tan β ≥0.7 – 0.8

3

tan β ≥0.5 – <0.6
tan β ≥0.6 – <0.7
tan β >0.8

No permafrost or stable permafrost

1
2
0
0

Susceptible to melting at ΔMAAT >2 – 4°

±0

PGA ≥0.65 g

+1

Susceptible to melting at ΔMAAT >0 – 2°
PGA <0.65 g

+2
±0
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4.5 Lake outburst hazard indicator
An improved version of the GRASS GIS raster module r.glof (Mergili and Schneider, 2011) is used
for the lake outburst hazard indicator analysis.
First, the susceptibility scores for (i) lake outburst caused by internal factors (dam failure) Slo,i and
(ii) lake outburst triggered by external factors (impact of mass movements) Slo,e are considered separately. Slo,i and Slo,e can take values in the range 0–6, negative values are set to 0.
Table 7 Scoring scheme for susceptibility to lake outburst triggered by internal factors Slo. The
initial values of Slo are determined from the dam material, these values are then increased or decreased according to lake drainage, lake evolution, downstream slope of dam, permafrost susceptibility and seismic susceptibility.
Criterion

Lake type (dam
material)
Lake drainage

Lake evolution

Slo,i

Remarks

Erosion lake

0

Permanent or temporary superficial drainage

-1

Block- or debris-dammed lake

1

Glacial lake

3

No recognizable superficial drainage
Stable or shrinking

Growing trend in either the period 1968–2002 or 2002–2009

Downstream slope tan βd <0.02
of dam βd
tan βd ≥0.02
Permafrost susceptibility

Seismic susceptibility

No permafrost or stable permafrost

±0
±0

+1
-1

±0
±0

Susceptible to melting at ΔMAAT >0 – 4°

+1

PGA <0.65 g

±0

PGA ≥0.65 g

+1

The derivation of Slo,i builds on the following key parameters: (i) lake type, indicating the dam
material; (ii) mode of lake drainage; (iii) lake evolution (development of the lake area since 1968;
Mergili et al., 2013); (iv) dam geometry; (v) permafrost susceptibility; (vi) seismic susceptibility
(see Table 1). Table 7 shows the scoring scheme applied. The lake type (Mergili et al., 2013) is taken as basis, with glacial lakes receiving the highest score. Dams with seepage are considered more
susceptible to failure than dams with surface runoff, and growing lakes are considered more susceptible than stable or shrinking ones. The dam geometry is expressed as an idealized average
downstream slope of the dam: the dam width W is defined as the Euclidean distance between the
lake outlet and the closest raster cell along the downstream flow path with a lower elevation than
the average lake bottom, using the average lake depth Dl according to Huggel et al. (2002):

Dl = 1.04 ⋅ 10 −1 Al

0.42

,

Eq. 7
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where Al is the lake area (m²), Dl is given in m. The tangent of the average slope of the dam in
outflow direction, tan βd, is derived as Dl/W. For very gentle downstream average slopes
tan βd < 0.02, Slo,i is decreased by 1 (see Table 7).
The event at Laguna 513 in the Cordillera Blanca (Haeberli et al., 2010b) has shown the need to
include the entire catchment when analyzing lake outburst susceptibility. The topographic susceptibility TS is introduced in order to account for this need, employing the impact hazard indicators
for rock slides IHrs, for ice avalanches IHia, for periglacial debris flows IHpf. and for outburst floods
of lakes in the upper catchment IHlo. The overall maximum indicator over the raster cells representing the considered lake (IHia,max, IHrs,max, IHpf,max and IHlo,max) applies, but the impact of periglacial debris flows and upstream lake outburst floods is down-weighted:
𝑇𝑇 = 𝑚𝑚𝑚�𝐼𝐼𝑟𝑟,𝑚𝑚𝑚 , 𝐼𝐼𝑖𝑖,𝑚𝑚𝑚 , 𝐼𝐼𝑝𝑝,𝑚𝑚𝑚 − 3, 𝐼𝐼𝑙𝑙,𝑚𝑚𝑚 − 3�.

Eq. 8

The topographic susceptibility is taken as the basis for the rating of the susceptibility to lake outburst triggered by external factors Slo,e. If direct calving of ice into the lake is possible, the score for

Slo,e is set to a minimum of 3.
The maximum of Slo,i and Slo,e is used as lake outburst susceptibility Slo. Slo is reduced for lakes with
a high freeboard F (defined as the difference between the DEM with filled sinks and the original
DEM for the lake centre): for lakes with F > 50 m the score is decreased by 3. For lakes with

F > 25 m it is decreased by 2, and for lakes with F > 10 m, the score is decreased by 1 in order to
derive the final value of Slo.
The lake area is most likely the best surrogate for Mlo (the computed lake volume is directly proportional to the lake area, see Eq. 7). Table 7 shows the matrix for the lake outburst hazard indicator Hlo which is discretized on the basis of lakes.
Possible outburst floods are routed downwards through the DEM separately for each lake, the
travel distance is determined according to the relationships listed in Table 8. After the deposition
of the debris or mud, or if not much sediment is entrained at all, the flood may propagate much
farther: Haeberli (1983) suggests an average angle of reach of 2–3°, but also travel distances exceeding 200 km are reported (e.g., Hewitt, 1982).
In order to achieve a robust estimate of the travel distance, the impact area of possible lake outburst floods and, consequently, the impact susceptibility Ilo, the approaches T1 – T4 shown in Table 8 are combined (Eq. 1 is not applied for lake outburst floods). The lake outburst flood is routed
down starting from the outlet of the considered lake. 800 random walks are performed for each
lake. A random walk is forced to terminate if it impacts a larger lake.
For T1, the debris flow volume Vd is set to five times the outburst volume (maximum sediment
concentration in steep flow channels ~80% according to Iverson, 1997) in order to account for
sediment bulking. The outburst volume is set to the entire lake volume (lake area Al multiplied
with lake depth Dl). For T2, we use an angle of reach ωr = 8° which is most likely more suitable for
the study area (Mergili and Schneider, 2011) than ωr = 11° as suggested by Haeberli (1983). Several
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authors have introduced empirical relationships for relating the peak discharge Qp (m³/s) – required as input for the relationship T3 in Table 8 – to the outburst volume and the dam height
(Costa, 1985; Costa and Schuster, 1988; Walder and O’Connor, 1997; Table 9). Qp is determined
from the maximum of the results computed with the relationships Q1 to Q6 shown in Table 9. T1
and T3 are only applied to glacial lakes as there is no basis available for calculating the depth or
volume of lakes assigned to the other types. Instead, the angle of reach is set to ωr = 11° (the value
suggested by Haeberli, 1983) for T1 and to ωr = 14° for T3.
Table 8 Empirical relationships used for estimating the travel distance of lake outburst floods.
GLOF = glacial lake outburst flood, L = travel distance, Vd = debris flow volume, ΔZ = loss of elevation, ωr = average slope of reach, Qp = peak discharge.

T1

Relationship

L = 1.9Vd

0.16

∆Z

T2

ωr = 11°

T3

ω r = 18Q p −0.07

T4

0.83

ωr≥2°

References

Remarks

Haeberli (1983),
Huggel et al. (2003),
Huggel et al. (2004a)

for debris flows from GLOFs, applied with
ωr = 8° in the present study (Mergili and
Schneider, 2011)

Rickenmann (1999)

Huggel (2004)

Haeberli (1983),
Huggel et al. (2004a)

for debris flows in general

worst case for debris flows from GLOFs
for floods from GLOFs

Table 9 Empirical regression equations relating peak discharge Qp of glacial lakes to outburst volume Vl and lake depth (dam height) Dl. ρw = density of water (kg/m²), g = gravity (m/s²), *envelope
(worst case).
Reference

Qp (m³/s) of glacial lakes

(
3.8(10

)

Costa (1985)

Q1

Costa and Schuster (1988)

Q3

1.3 ⋅ 10 −4 (ρW ⋅ g ⋅ Vl ⋅ Dl )

Q5*

2.2 ⋅ 10 −1Vl

Walder and
O'Connor (1997)

Q2

113 10 −6 Vl
−6

0.61

Vl Dl

)

0.61

0.60

Q4

5.5 ⋅ 10 −6 (ρW ⋅ g ⋅ Vl ⋅ Dl )

Q6*

1.1(Vl Dl )

0.59

0 , 66

0 , 47

The number of relationships T1 – T4 (see Table 8) predicting an impact on a given raster cell determines the impact susceptibility: if all four relationships predict an impact, Ilo = 6, three relationships results in Ilo = 5 and so forth. For Ilo < 6, the runup on the opposite slope is restricted. If only
an impact as flood is predicted, (T4; Ilo ≤ 3), the impact susceptibility is further differentiated according to ω: for ω ≥ 6, Ilo = 3, for ω ≥ 4, Ilo = 2 and for ω ≥ 2, Ilo = 1. T4 is only applied to lakes
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≥50,000 m². Furthermore, the criterion that the distance from the source has to increase with each
computing step is disabled for floods.
In an analogous way to the procedure applied to the rock slides, ice avalanches and periglacial
debris flows (see Section 4.2 to Section 4.4), the impact hazard indicator is then derived by combining Ilo with Hlo of the corresponding lake (see Table 4). The global impact hazard indicator IHlo
of a given raster cell is defined as the maximum of all lake-specific indicators (see Eq. 2).

5 Results
The total area with indication of a significant periglacial debris flow (PF) susceptibility/hazard is
much larger than those for the other hazard types: 9.9% of the entire study area are designated as
possible PF source areas, based on the criteria defined in Table 6. 42.7% out of this area are assigned the three higher susceptibility scores 4–6 (Fig. 7a). This pattern indicates the ubiquity of
possibly hazardous areas on the one hand, but also the limited means of a sharper delineation on
the other hand. In contrast, the ice avalanche (IA) susceptibility and the lake outburst (LO) susceptibility, due to their confinement to glaciers and lakes, respectively, are constrained in a much
sharper way. 1.6% of the total study area are identified as susceptible to IA, 64.5% out of this area
are assigned the susceptibility scores 4–6 (see Fig. 7a). The LO susceptibility is discretized on the
basis of lakes. 70.9% of all lakes are assigned susceptibility scores >0, 50.0% of these lakes the susceptibility scores 4–6 (see Fig. 7a). The rock slide (RS) susceptibility displays intermediate patterns
in terms of the total area identified as susceptible (4.7% of the total study area). However, only
16.2% of this area – a much lower value than those associated with the other process types – are
assigned the susceptibility scores 4–6 (see Fig. 7a). The reason for this phenomenon is the limited
area occupied by very steep slopes (see Table 5).

Fig. 7 Relative abundance of (a) the susceptibility and (b) the hazard indicator classes for the four
considered processes. The indicators for rock slides (RS), ice avalanches (IA) and periglacial debris
flows (PF) relate to raster cells, the indicators for lake outburst floods (LO) to lakes. Only those
raster cells or lakes with an indicator of at least 1 are considered.
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The distribution of the raster cells or lakes identified as susceptible among the six hazard indicator
classes is illustrated in Fig. 7b, depending on the susceptibility and the possible process magnitude
(see Table 3). 38.1% of the RS and 68.4% of the IA are assigned the hazard indicator classes 4–6. In
the case of PF, hazard indicator and susceptibility are identical due to lacking means for an estimation of the magnitude (see Section 4.4). Comparatively few lakes (23.9%) are assigned the LO hazard indicator classes 4–6. This phenomenon is explained by the large number of rather small but
highly susceptible lakes.

Fig. 8 Distribution of (a) rock slide, (b) ice avalanche, (c) periglacial debris flow and (d) lake outburst hazard indicators over the entire study area. The maximum indicator is shown for each
catchment.
Fig. 8 represents the hazard indicators for each process type broken down to the level of small
catchments identical to the output parameter basin of the GRASS GIS raster module r.watershed
(GRASS Development Team, 2013) with a threshold parameter of 5000. The maximum out of all
raster cell-based hazard indicators is shown for each catchment, except for the LO hazard indicator where the value assigned to each lake is illustrated.
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As expected, the RS hazard indicator (see Fig. 8a) is highest in areas with a particularly steep topography in the northern and central Pamir. More localized possible high-hazard areas are distributed throughout the study area. The IA hazard indicator (see Fig. 8b) is high in most glacierized areas (see Fig. 3d), particularly in parts of the northern Pamir where large portions of steep
glaciers are extremely abundant. Within these zones the inter-catchment differentiation of possibly hazardous areas is rather poor.
The PF hazard indicator is poorly differentiated at the catchment scale: steep slopes near the permafrost boundary are almost ubiquitous in the study area (see Fig. 3b), except for the elevated and
comparatively gently inclined south eastern portion. The most notable regional pattern is therefore attributed to the seismic susceptibility. The patterns observed in Fig. 8c are further a consequence of the limited input information that can be reasonably applied at the regional scale (see
Table 6). A detailed inventory of rock glaciers (comparable to the inventories prepared for glaciers
and lakes, see Fig. 3d) could help to sharpen the distinction between more and less hazardous areas. However, as rock glaciers are extremely common throughout the study area, the patterns at the
inter-catchment level would most likely remain unchanged.
As the LO hazard indicator is directly related to the well-known lake distribution it can be discretized at a high level of detail (see Fig. 8d). Nine lakes are assigned the highest LO hazard indicator
class Hlo = 6, the largest of them is Lake Sarez. Even though – or because – the safety of Lake Sarez
is highly disputed (e.g., Risley et al., 2006), this classification seems reasonable. The LO susceptibility score Slo = 5 is a consequence of the high topographic susceptibility. The same is true for
Lake Zardiv, with 0.7 km² the second largest lake with Hlo = 6 (see Fig. 8d). Further lakes of interest are, e.g., Lake Khavraz and Lake Shiva. Lake Khavraz is an 1.9 km² lake impounded behind a
rock glacier at an elevation of 4000 m a.s.l., in the zone of possibly melting permafrost. Here both
the topographic susceptibility (Slo,e = 5) and the LO susceptibility due to internal factors (Slo,i = 5)
are at high levels. Lake Shiva is assigned a susceptibility in the medium range of the scale (Slo = 3)
and a sudden drainage is not likely but, due to the large size of 15.2 km², Hlo = 5. The lake is located close to several communities in the Panj Valley which could be affected in the case of such an
event. The largest lake in the study area, Kara Kul, is assigned the hazard indicator class 4 (see
Fig. 8d). The LO susceptibility of Kara Kul is rated with a score of Slo = 2, only the very large lake
area (405 km²) leads to the relatively high hazard indicator. The fact that a closer look reveals no
significant outburst hazard of Kara Kul suggests that the approach used tends to overestimate the
hazard for large lakes. One reason for this phenomenon is the topographic susceptibility: large
lakes have the ability to alleviate the impact of mass movements rather than small lakes. However,
an objective basis to include the dependence of the topographic susceptibility on lake size is missing. Table 10 summarizes the LO susceptibility and hazard indicator by lake type. Whilst – as prescribed by the scheme shown in Table 7 – glacial lakes clearly display the higher scores of the LO
susceptibility due to internal factors, this tendency is less pronounced – but still visible – for the
LO susceptibility due to external factors.
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The median and maximum travel distances computed for each process type are summarized in
Table 11. The RS model commonly predicts travel distances of 3.0 km (average) – 5.6 km (envelope), but for very large events (>800 106 m³) extending over vertical distances >4000 m the model,
when applied with the envelope, predicts a travel distance of almost 50 km (see Eq. 4). The IA
model (ωr,E = 17°) and the PF model (ωr,E = 11°) predict shorter travel distances. Note that, in both
cases, the difference between the median and the maximum is only caused by topography and not
by the assumed process magnitude. The LO model predicts the possibility of a significant debris
flow for less than half of all lakes (no meaningful median value can therefore be given in Table 11). The reason for this phenomenon is mainly the gentle slope observed downstream from
many lakes. However, lakes with steeper downstream slopes can produce debris flows with travel
distances >15 km and floods with travel distances >80 km, according to the model.
Table 10 Percentage of lakes assigned each lake outburst (LO) susceptibility (internal and external
factors) and hazard indicator class according to lake type.
Lake type

0

1

Erosion lakes

33.1%

40.8%

Glacial lakes

38.2%

0.0%

Block- or debrisdammed lakes

12.4%
0

17.1%
1

Erosion lakes

42.1%

5.3%

Glacial lakes

40.8%

0.2%

Block- or debrisdammed lakes

18.1%
0

LO susceptibility class (internal factors)
2

24.7%

3

4

1

105

0.0%

4.4%

31.1%

24.5%

1.7%

18.9%

16.5%

7.5%

7.7%

1.9%

3.5%

11.3%

21.3%

7.4%

44.8%

24.8%

2

3

0.0%

1.0%

10.5%
2

4

0.0%
5

14.3%

18.1%

32.4%

3

4

5

15.5%

LO hazard indicator class

5.8%

34.2%

19.0%

10.6%

Glacial lakes

38.2%

0.0%

26.5%

20.2%

10.4%

0.0%

0.0%

0.0%

24.5%
12.4%

Sum

0.0%

LO susceptibility class (external factors)

1.0%

6

1.5%

Erosion lakes

Block- or debrisdammed lakes

5

31.4%

23.8%

13.3%

652

6

Sum

5.7%

105

883
652

6

Sum

2.9%

105

5.3%

0.6%

4.4%

0.2%

16.2%

883

883
652

Table 11 Maximum and median travel distances L (m) computed for each process. RS = rock slides,
IA = ice avalanches, PF = periglacial debris flows, LO = lake outburst floods, A = average,
E = envelope, dfl = debris flow, fld = flood.

Maximum
Median

RS (A)

23,867
2,964

RS (E)

49,516
5,628

IA (E)

10,735
2,013

PF (E)

15,906
2,618

LO (dfl)
15,597
–

LO (fld)
81,946
12,589
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Fig. 9 shows the distribution of the impact hazard indicator. For clarity, only the raster cell values
along the main flow channels are shown. It is clear that the general patterns of the impact hazard
indicator at the broad scale resemble those of the hazard indicator shown in Fig. 9: whilst a possible impact of rock slides and periglacial debris flows is shown for most valleys particularly in the
western part of the study area (Fig. 9a and Fig. 9c), a more localized impact of ice avalanches and
lake outburst floods is suggested by the model (Fig. 9b and Fig. 9d).
The distribution of the community risk indicator over the study area reflects the patterns shown
in Fig. 8 and Fig. 9 on the one hand, and the distribution of the exposed communities on the other
hand. Fig. 10 illustrates the relative frequency of the community risk indicator classes for 15 regions within the study area, each of them representing a catchment or section of a catchment.

Fig. 9 Impact hazard indicator for each process, (a) rock slides, (b) ice avalanches, (c) periglacial
debris flows, (d) lake outburst floods. For clarity, only the indicators along the main flow lines are
shown.
The eastern Pamir is considered as one single region due to the low number of communities there.
Except for the very western part of the study area, the eastern Pamir and the Kyrgyz part of the
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study area (Chan-Alai Valley) in the north, all regions are dominated by communities with indication of a significant rock slide risk, the highest scores are observed for the villages in the rugged
Bartang and middle Panj valleys as well as in the Gunt Valley (see Fig. 10a). The hot spots of possible ice avalanche risk are identified in the Vanch and Bartang valleys, both deeply incised into
glacierized mountain ranges (see Fig. 10b). This type of risk plays a less prominent role in the other regions. Also the risk indicator for periglacial debris flows is highest in the deep gorges of the
western Pamir, decreasing towards north where permafrost is less abundant (see Fig. 10c).
However, the model yields a significant PF risk indicator for most communities throughout the
study area. This is not the case for the risk indicator for lake outburst floods, which is highest
mainly in the south western Pamir and in part of the northern Pamir (see Fig. 10d). The LO community risk indicator CRlo = 6 is not assigned to any village. Table 12 summarizes the relative frequency of villages assigned to each class with respect to all four hazard types.

Fig. 10 Community risk indicators, generalized to 15 regions. For each region, the pie chart illustrates the relative abundance of the different community risk indicator classes. The size of each
chart is proportional to the number of communities it represents.
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Table 12 Per cent of communities assigned to each community risk indicator class. RS = rock
slides, IA = ice avalanches, PF = periglacial debris flows, LO = lake outburst floods.
Process type

0

1

RS

12.1%

9.7%

LO

65.6%

12.3%

IA

PF

75.2%
11.5%

8.9%
3.7%

Community risk indicator class
2

3

4

5

8.6%

15.3%

27.5%

23.9%

11.6%

6.2%

2.9%

1.4%

5.7%
6.1%

4.8%
9.2%

2.2%

24.4%

2.4%

31.4%

6

2.9%
0.8%

13.9%
0.0%

Fig. 11 Hazard indicator, impact hazard indicator, topographic susceptibility of lakes and community risk indicator associated with each process type. (a) Rock slide, (b) ice avalanche, (c) periglacial debris flow, (d) lake outburst flood. The extent of the map is shown in Fig. 2.
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A composite hazard and risk indication map is prepared for the entire study area. It provides a
visual overlay of the hazard, impact hazard and community-based risk indicators for each of the
four process types considered in the study. Fig. 11 shows this map for a selected area covering the
Gunt Valley and its tributaries (see Fig. 2 for delineation). The area affected by the prehistoric
Charthem rock slide (see Fig. 11a) is very well reproduced by the model, therefore a high RS risk
indicator class is assigned to the nearby communities. However, also several other communities
and lakes are possibly impacted by rock slides. The patterns of the IA hazard and risk indicators
illustrate the isolated appearance of this type of hazard in the area (see Fig. 11b). Even though the
main effect of the process is the possible impact on lakes, some communities in the main valley are
possibly at risk, but assigned rather low risk indicator classes. Areas with PF hazard indicator (see
Fig. 11c) are confined to steep slopes near the permafrost boundary which are however very
common along the slopes of most valleys, confirming the broad-scale patterns shown in Fig. 8c.
Therefore, most of the communities in the valleys are identified as possibly at risk. The occurrence
of periglacial debris flows in this area, often starting from the termini of rock glaciers, is evident in
the field and from remotely sensed imagery (see Fig. 1c). The associated debris cones are located in
zones displaying the higher impact hazard indicator classes. In contrast, many lakes are located in
areas where permafrost is assumed stable.
Several lakes have developed near the termini of the glaciers of the tributary valleys (Mergili and
Schneider, 2011; Mergili et al., 2013). Three of them are assigned the hazard indicator class Hlo = 5
(see Fig. 11d). The debris flow travel distances predicted by the LO model are relatively short,
only debris flows from two lakes could reach the communities of the main valley: the village of
Varshedz is just located at the terminus of a possible debris flow starting from Lake Varshedz (see
Fig. 1d; lake area 0.16 km², Slo = 5, Hlo = 5). Lake Nimats, an erosion lake with Slo = 4 and Hlo = 5,
drains into a very steep channel heading directly down to the main valley. In the case of a (not
very likely) sudden drainage, the nearby villages would most likely suffer substantial damage. The
impact area of the distal floods resulting from the possible drainage of Lake Varshedz or Lake
Nimats is characterized by lower to medium community risk indicators of the possibly affected
villages. The largest lake shown in Fig. 11d is Rivakkul (1.2 km², Slo = 4, Hlo = 5). It is characterized
by a very gently inclined downstream valley. As a result, the model predicts only a comparatively
short travel distance of a possible outburst flood (4.6 km), being alleviated far upslope from the
villages in the main valley.

6 Discussion
The purpose of the model approach introduced in the previous sections and the resulting hazard
and risk indication maps is to provide a reproducible basis for targeted hazard and risk assessment
studies and mitigation measures at the community scale. The approach chosen is thought to be
useful for the study area in the Pamir for two reasons.
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First, the general difficulty of establishing frequencies for rare or singular events in combination
with sparse historical data in the study area makes strictly quantitative approaches such as statistical methods inapplicable. Therefore a hazard and risk indication scoring scheme has to be applied,
even though such a concept introduces a certain degree of subjectivity.
Second, the vulnerability of the local population to these types of hazards is high, even though
NGOs have launched programs to improve the awareness of and the preparedness for geohazard
events in the previous decade. This situation is comparable to other high-mountain areas in developing countries (e.g., Carey, 2005). The results of the present study shall highlight possible highrisk areas and serve as a baseline for in-detail studies and risk mitigation procedures.
Consequently, the outcome of the study should not be seen as definite hazard and risk maps, but
rather as conceptual hazard and risk indication maps. The hazard and risk indicator classes are
therefore not given definite names such as moderate hazard, extremely high risk etc. Further, the
interpretation of the model results on the basis of raster cells is appropriate for scientific discussion, but not for the design of risk mitigation measures. Here the scale of communities (see
Fig. 11), catchments (see Fig. 9) or even regions (see Fig. 10) are much more suitable.
As far as a comparison with observed events is possible, it confirms the model results (e.g.,
Charthem rock slide, see Fig. 11a). In the case of large rock slides such as the 1911 Sarez event (see
Fig. 1a) the comparison with the model results is of limited value due to the substantial change of
the topography caused by such events. No records of ice avalanches in the study area are known to
the authors whilst geomorphic evidence indicates that periglacial debris flows are common. Their
source and impact areas are well recognized by the model, but the false positive rate is high. The
two lakes with recorded sudden drainage are not characterized by exceptionally high susceptibility scores – the prediction of lake outburst floods is therefore particularly challenging.
The quality of the model results strongly depends on the input data used. The detail and accuracy
of the ASTER GDEM is considered sufficient for the purpose of the present study, even though the
quality of the dam geometry estimates may suffer from artefacts and inaccuracies known for this
type of DEM. Also the quality of the carefully mapped lake, glacier and land use data sets is largely
considered sufficient. The potential permafrost areas were determined using a rule-of-thumb approach, adapting data obtained in the Alps (Haeberli, 1975; Mergili et al., 2012a). Even though the
predicted conditions and scenarios are likely to be realistic, uncertainties are hard to quantify. The
seismic hazard map used (Giardini et al., 1999) is a highly generalized global dataset. Other essential information such as the distinction bedrock – residual rock or the orientation and dip of the
bedding planes of geological layers are hardly manageable at the scale relevant for a study of this
type.
The scoring schemes used (see Table 2 to Table 7) are founded on expert knowledge. The interpretation of the model results have to consider the characteristics of the scheme used for each process. Necessarily, the schemes contain ±arbitrary thresholds such as those used for the event mag-
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nitude (see Table 3) or the 45° minimum slope for rock slides already used earlier by Hergarten
(2012).
The modelling of the travel distance and the impact area of the considered processes is derived
from the statistics of observed events. These statistics are reasonably robust for rock slides and
rock ice avalanches (Scheidegger , 1973; Evans and Clague, 1988; Bottino et al., 2002;
Noetzli et al., 2006) and also for ice avalanches (Huggel et al., 2004a). However, they are based on
observations from other mountain areas such as the Alps. Their application is based on the hypothesis that (i) the patterns observed there are comparable to those in the Pamir and (ii) that the
– often rather small – datasets used for the derivation of the patterns and thresholds cover a representative sample of the reality. This is equally true for the slope-temperature curve shown in
Fig. 6. The situation is even more difficult for periglacial debris flows (Huggel et al., 2004a) and
particularly for lake outburst floods. The threshold of ωr,E = 11° used by Huggel et al. (2004a, b) for
debris flows from lake outburst events is not applicable to the Pamir as the 2002 Dasht event,
where ωr,E ~ 9.3°, has shown (Mergili and Schneider, 2011). Also the parameterization of floods
developing from lake outburst events is nothing more than a rough estimate so that the results
(such as the short travel distance predicted for a sudden drainage of Rivakkul, see Fig. 11d) have to
be interpreted with utmost care.
Further, the application of average slopes neglects the loss of energy due to changes of the flow
direction. Strictly spoken, such concepts should only be used for straight flow paths. The criterion
that the motion has to move away from the source with each step of the random walk partly accounts for this limitation.
Possible impact waves due to mass movements into lakes are explicitly accounted for by the model. Other types of interactions are included indirectly: The conversion of rock slides into rock-ice
avalanches by the impact on glaciers is implicitly considered in the rock slide model, even though
there are no means to estimate the entrainment of snow or ice. In the case of rock slides and rockice avalanches, the empirical relationships used implicitly include cascading effects such as the
conversion into debris flows. Some process interactions are out of scope of the present study, such
as the damming of lakes by mass movements and possible subsequent drainage. The same is true
for the entrainment of debris, modelling of which remains a challenge particularly at the scale of
the present study.
An aspect explicitly excluded from the present work is roads and other types of linear structures.
The cell size of 60 m x 60 m used does not allow considering the road network within the communities and imposes some methodological challenges on determining risk indicators for the overland roads or power lines. Further, a considerable amount of additional work would be necessary
to define appropriate sections of the linear structures and to assign an appropriate exposure class to
each section in order to discretize the risk indicators in a way comparable to the villages. For these
reasons we consider linear structures out of scope of the present work, but as an important topic
for possible future work.
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Further, the approach used does not allow for an analytical overlay of the susceptibility, hazard,
impact hazard and risk indicators associated to each process type. Even though attempted as far as
possible, a homogenization of the scoring schemes for the different processes proves highly problematic due to the missing physical basis. The data the analysis is based on differs between the
processes: e.g., the possible magnitude of rock slides is given in maximum volumes whilst only the
maximum involved surface area allowed under the assumptions taken is used for possible ice avalanches and lake outburst floods (see Table 3). Also the schemes for susceptibility can hardly be
homogenized (see Table 5 to Table 7; Fig. 6), partly due to the varying level of detail of the available input data.

7 Conclusions
A regional-scale multi-hazard and -risk indicator model was introduced, including four selected
high-mountain processes: (i) rock slides and rock avalanches, (ii) ice-avalanches, (iii) periglacial
debris flows and (iv) lake outburst floods. The model results for a very large area centred in the
Pamir (Tajikistan) were presented and discussed. The model shall help to distinguish areas with
higher from those with lower hazard and risk, even though the possibilities for comparison with
observed events are limited. The interpretation of the model results – preferably at the level of
communities, catchments or regions – has to take into account the characteristics of the scoring
schemes as well as the limitations of the input data and the methodology used.
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Abstract
We present a GRASS GIS implementation of a three-dimensional slope stability model capable of
dealing with shallow and deep-seated slope failures, r.rotstab. It exploits a modified version of the
revised Hovland method and evaluates the slope stability over a large number of randomly selected slip surfaces, ellipsoidal or truncated in shape. For each raster cell in the modelling domain, the
factor of safety is taken from the most critical slip surface. This results in an overview of potentially unstable regions without showing the individual sliding areas. Furthermore, the model produces a susceptibility index for each cell, based on the proportion of slip surfaces with a low factor of
safety. We test the model in the Collazzone area, Umbria, central Italy where detailed information
on shallow and deep seated landslides, morphology and lithology is available. The rate of true predictions (landslide plus non-landslide) ranges from 54.7–81.2% for shallow landslides and from
58.5−87.4% for deep-seated landslides, depending on the adjustment of the uncertain geotechnical
parameters. In the same order, the rate of true landslide predictions decreases from 80.2–19.9%
(shallow) and from 64.3–3.6% (deep-seated) so that an increase of the true landslide prediction
rate can only be achieved at the cost of a significant increase of the false alarm rate. The results for

432 Appendix A15 – 3D slope stability modelling in GIS

shallow landslides are very similar to those yielded with the infinite slope stability model in terms
of the minimum factor of safety, but differ substantially in terms of the spatial patterns. The evaluation of the landslide susceptibility index yields areas under the ROC curves of 0.68–0.70 (shallow
landslides, r.rotstab), 0.61–0.65 (shallow landslides, infinite slope stability model) and 0.59–0.63
(deep-seated landslides). We conclude that the r.rotstab model outperforms the infinite slope stability model.

Landslide; Factor of safety; Slope stability; GRASS GIS; Modelling

1 Introduction
Modelling of landslide susceptibility can be accomplished using a variety of approaches, including
statistical, physically based, and geotechnical approaches (Guzzetti et al., 1999; Van Westen, 2000;
Guzzetti, 2006; Van Westen et al., 2006). Modelling of the spatial probability (i.e., the susceptibility) of shallow landslides for small catchments often makes use of deterministic, physically-based
models (Van Westen et al., 2006). These modelling approaches rely mainly on infinite slope stability models coupled with more or less complex hydrological and infiltration models (e.g., Wilkinson et al., 2002; Muntohar and Liao, 2010). The distributed models for slope stability, hydrology and infiltration are simple to implement in a Geographic Information System (GIS) environment, and specifically in a raster-based GIS (Montgomery and Dietrich, 1994; Burton and Bathurst, 1998; Pack et al., 1998; Baum et al., 2008). This has eased their widespread distribution and
application in different environmental, physiographical and climatic settings (Van Westen and
Terlien, 1996; Xie et al., 2004a; Godt et al., 2008; Mergili et al., 2012).
In many landscapes, shallow slope failures coexist with deep-seated mass movements (e.g.,
Guzzetti et al., 2004, 2006a; Zȇzere et al., 2005). The infinite slope stability model, building the
base of many spatially distributed susceptibility assessments of shallow slope failures, fails to capture the complexity of the deep-seated landslide phenomena. In order to evaluate the stability
conditions of deep-seated landslides, more complex limit equilibrium models capable of accounting for the complex geometry of the deep-seated failures should be used. However, the GIS implementation of limit equilibrium models for deep-seated failures remains a challenging task, limiting the spatially distributed modelling of deep-seated landslides.
In this work, we present the results of an attempt to integrate a three-dimensional limit equilibrium slope stability model in the open source Geographic Resources Analysis Support System
(GRASS) raster GIS (Neteler and Mitasova, 2007; GRASS Development Team, 2011). The paper is
organized as follows. In Section 2 we summarize the rationale for using the limit equilibrium
model. In Section 3, we introduce r.rotstab, a computer model for the three-dimensional, spatially
distributed modelling of slope stability in a raster GIS. This is followed by a description of the Collazzone study area, Umbria, central Italy, where the r.rotstab model was tested (Section 4), and by
a description of the landslide and environmental data available for the study area (Section 5). Next,
we present (Section 6) and discuss (Section 7) the results obtained for shallow and deep-seated
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landslides and the model performance in the study area. We conclude (Section 8) summarizing the
main results obtained.

2 Background
Slope stability calculations often rely on the limit equilibrium model. It builds on the assumptions
that the slope consists of rigid materials and that possible ruptures occur along a single failure
plane (the slip surface). The shear stress acting on the slip surface is compared with the shear
strength of the materials resisting along the slip surface. The fraction of the contrasting forces acting on the failure plane is expressed by the factor of safety FS (Carson and Kirkby, 1972; Crozier,
1986; Duncan and Wright, 2005). In the case of an infinite slope model this is simply the dimensionless ratio between the resisting (stabilizing) force R and the driving (destabilizing) force T
(Fig. 1A),

FS I =

R
T

(1)

where FSI is FS based on an infinite slope model. For more complex geometries FS is the ratio between the sum of resisting forces or moments and the sum of driving forces or moments. When FS
> 1, R > T, and the slope is considered stable. FS = 1 indicates the meta-stable condition produced
by the equivalence of R and T). When this occurs, the slope is considered to be at the point of
failure. FS < 1 or R < T corresponds to unrealistic physical conditions, and are taken as an indication of the instability of the slope under the modelling conditions.
Limit equilibrium models have often been applied to two-dimensional cross sections drawn along
the steepest terrain gradient (Duncan and Wright, 2005). The zone above a known, inferred or
hypothetical failure plane is partitioned into vertical slices of equal or different sizes. R and T are
computed for each slice (Fig. 1B shows an example for a circular slip surface), and summed up
linearly in order to obtain a value of FS for the entire slope. Most commonly, the forces acting
between the slices are neglected (Fellenius, 1927). In many cases, the simplification leads to a lower value of FS (Kolymbas, 2007). Fellenius (1927); Bishop (1954); Janbu et al. (1956); and Morgenstern and Price (1967) have proposed different schemes to calculate FS along pre-defined slope
profiles and associated failure planes.
When two-dimensional cross sections are used, the width of the potential slope failure and the
three-dimensional topography of the slope are not considered. In order to overcome this limitation, the limit equilibrium model was extended, and applied to three-dimensional topographies
and associated three-dimensional failure planes (e.g., Hovland, 1977; Hungr, 1987; Hungr et al.,
1989). In order to accomplish the calculation of the three-dimensional balance of R and T, specific
software has been designed that can be used to test multiple failure planes, searching for the lowest FS value, e.g. CLARA (Hungr, 1988), TSLOPE3 (Pyke, 1991), and 3D-SLOPE (Lam and Fredlund, 1993). A limitation of these computer codes is that they were designed to model individual
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slopes, or portions of a slope, and cannot be used effectively to model a large number of slopes in
an area. Thus, the codes are not suited for a regional analysis of the slope stability conditions.

Fig. 1. Slope stability models. (A) Slope stability model based on a circular slip surface. (B) Infinite
slope stability model.
In the infinite slope stability model, the assumptions are made that the slope is planar and of infinite length, and that the failure plane is parallel to the topographic surface (Fig. 1A). The assumptions simplify the model considerably, and facilitate the application of the model in raster based
GIS, allowing for the application of the infinite slope stability model for regional slope stability
analyses. In a raster GIS, the balance of R and T is computed for each individual raster cell. The
forces acting between raster cells are ignored since the failure is assumed to be infinitely wide and
long. FSI is computed according to Fig. 1A and Eq. (1). Adopting a Coulomb (1776) mechanical
model for the slope materials (Crozier, 2010) and assuming saturated regolith with slope parallel
seepage, R (N) (originated by the shear strength) is given by:

R = cA + (G ' cosβ ) tanϕ ,

(2)

and T (N) (resulting in a shear stress) is given by:

T = G ' sin β + S ,

(3)

where c (N m-2) is the cohesion, A (m²) is the area of the slip surface of the considered cell projected to the slip surface, G' (N) is the weight of the saturated regolith, φ is the angle of internal fric-
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tion, S (N) is the seepage force, and β is the inclination of the slip surface (Iverson and Major,
1986).
Not only saturated conditions, as in Eqs. (2) and (3), but also unsaturated and partially saturated
conditions can be considered. In order to account for the time-dependent hydrological conditions
in the slope, the infinite slope stability model can be coupled with more or less complex hydraulic
and infiltration models in order to predict the location and timing of the failures in an area in response to precipitation (Montgomery and Dietrich, 1994; Pack et al., 1998; Wilkinson et al., 2002;
Xie et al., 2004a; Godt et al., 2008).
The infinite slope stability framework is an adequate approximation for modelling shallow translational slope failures, whose failure plane is mainly planar and parallel to the topographic surface.
The model is well suited for purely frictional materials and is less appropriate for cohesive materials. To explain this, we investigate the case of a cohesionless homogeneous slope without seepage
flow. It follows from Fig. 1A and Eq. (1) that

FSI = tan φ/tan β.

(4)

The infinite slope stability model does not predict any depth of the critical slip surface, i.e. a possible failure occurs as a very thin avalanche. FSI in the case of a cohesion greater than zero is

FSI = tan φ/tan β + c/(γd d sin β cos β).

(5)

where d (m) is the depth of the critical slip surface (FSI = 1), which is greater than zero and increases with increasing cohesion. Thus the length to depth condition for applying the infinite
slope stability model in a natural topography is unlikely to hold in a cohesive soil. This is a limitation when modelling deep-seated slope stability, or slope stability in cohesive or lithologically
complex terrain where slope failures typically exhibit circular, elliptical, spiral, or complex slip
surfaces (Fig. 1B). Three-dimensional limit equilibrium slope stability models must be used in order to overcome this problem.
Miller and Sias (1998) have used a system of two-dimensional slope stability profiles derived with
a slip circle model in combination with GIS and with a hydraulic model. However, the full implementation of three-dimensional limit equilibrium slope stability models in a raster GIS is not
trivial, and only a few attempts in this direction have been made e.g., by Reid et al. (2000);
Xie et al. (2003, 2004b,c, 2006); Marchesini et al. (2009); and Jia et al. (2012). The operational advantage of three-dimensional, spatially distributed models over simpler limit equilibrium models
remains undetermined. A few authors have only partially addressed this problem. In this sense
Mergili and Fellin (2013) have studied the topographical constrains on the applicability and performance of the infinite slope stability model. Griffiths et al. (2011) have used artificial topographies and a variety of parameter settings in order to demonstrate that the infinite slope stability
model always yields more conservative results, approaching the results of a finite element analysis
for landslides at a length to depth ratio L/D > 16. Milledge et al. (2012) have determined that the
infinite length assumption is reasonable for landslides with L/D > 25.
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3 Implemented computer model
We implemented the r.rotstab software code as a raster module of the GRASS GIS software package (Neteler and Mitasova, 2007; GRASS Development Team, 2011). r.rotstab is open source;. the
code along with a manual and test data can be requested from the corresponding author. Written
in the C programming language, the r.rotstab code makes use of a modified version of the threedimensional sliding surface model proposed by Hovland (1977), revised and extended by Xie et al.
(2003, 2004b,c, 2006). Given a digital elevation model (DEM) and a set of thematic layers describing the spatial distribution of the geotechnical and hydraulic properties, the model evaluates the
slope stability conditions for a large number of randomly selected ellipsoidal slip surfaces. In addition, truncated ellipsoids can be used to simulate complex slip surfaces determined by the presence
of shallow weak layers delimited by soil discontinuities or by hard bedrock. In the model, each
raster cell can be affected by various slip surfaces, each characterized by a unique value of FS. For
each raster cell, the model determines the lowest FS value and the depth of the associated slip surface. In addition, a landslide susceptibility index is determined for each cell. This index measures
the proportion of unstable slip surfaces compared to the total number of slip surfaces tested in
each raster cell. If a sufficiently large number of slip surfaces is tested, a rough estimate of the
probability of the instability in the study area can be achieved. However, this estimate will be
relative – i.e. comparable within the study area but not outside – and dependent on the types of
failure planes tested.
For large study areas the program includes the option to split the study area into a number of tiles
in order to run the computation separately for each tile and at the end to combine the results for
each tile. A shell script facilitates data management and display. The software requires topographical information, which is obtained from a DEM, the saturated water content θs as well as the
regolith parameters for each layer (c, φ, and dry specific weight γd) and d of each layer as input.
The logical framework of r.rotstab is illustrated in Fig. 2.
The r.rotstab computer model works for ellipsoidal slip surfaces (Fig. 3), which are defined by the
coordinates of the centre, the length of the three half axes (ae, be, and ce), aspect α, and inclination

β. The maximum length of the potential landslide L is measured along the steepest slope of the
ellipsoid, the width W is measured perpendicular to L, and the depth D is measured in vertical
direction. The model provides two ways for selecting the geometrical parameters L, W, and D.
First, the slope stability calculation may be performed with user-defined parameters for a single
slip surface. This is suitable for the analysis of a specific landslide for which D is known, e.g. the
back-calculation of a well-documented landslide event. Alternatively, the slope stability calculation may be performed for a user-defined number of times, each time using an ellipsoid with randomly determined coordinates of the centre of the ellipsoid, lengths of ae, be, ce, and offset of the
centre from the terrain zb. The maxima and minima of L, W, the ratio L/W, D and zb are defined
by the user in order to constrain the randomization. The ellipsoid parameters are then uniformly
sampled in the specified ranges. This layout is suitable if the most critical slip surface is not known
a priori, e.g. for landslide susceptibility analyses at the small catchment scale.
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Fig. 2. Logical framework of the r.rotstab computer model.

Fig. 3. Arbitrary slip ellipsoid. (A) Ground plot. (B) Longitudinal section. (C) Influence of raster
cell size on slip surface geometry.
Four reference points are set at distances of r/ae from the centre of the ellipsoid, where r is defined
randomly for each ellipsoid, constrained by 0.5 < r/ae < 1 (Fig. 3). The slope and aspect of the terrain are derived from these reference points. α and β are determined in the way that ae follows the
steepest slope and ce is aligned perpendicular to the terrain surface. Deriving the z coordinate of
the ellipsoid bottom for each pair of x and y requires a transformation of the coordinate system of
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the GIS into that of the ellipsoid and the solution of the ellipsoid equation. This procedure is described in detail in Appendix.

r.rotstab includes the option to test also truncated ellipsoids which can be critical in the presence
of weak layers or hard bedrock (Fig. 3C). This concept follows, e.g., Xie et al. (2006), where weak
layers or discontinuities within the ellipsoid are considered as possible slip surfaces. As a consequence, more than one slip surface may be associated with each ellipsoid and several truncated
ellipsoids may intersect the same sliding surface. The tested slip surfaces correspond well to ideal
ellipsoids only for reasonably fine grids in relation to the ellipsoid size (Fig. 3C). When using
coarser grids, the shape of the tested slip surface represents a system of discrete plane surfaces
strongly depending on the discretisation of the cells.
The 3D factor of safety FSR is derived according to the three-dimensional modification of the column-based Hovland (1977) model (Xie et al., 2003, 2004b,c, 2006). In contrast to the models based
on Bishop (1954) and Janbu et al. (1956), FSR is computed directly, without an iteration procedure.
The horizontal components of the shear resistance and the shear force are summed up over all
columns. Each column corresponds to one raster cell in the GIS. Compared to the original models
of Hovland (1977) and Xie et al. (2003, 2004b,c, 2006), an improved approximation of the seepage
force is included in a way similar to Iverson and Major (1986) and King (1989) for 2D:

FS R =

∑ (c ⋅ A + (G' cos β
∑ (G' sin β
C

c

m

C

+ N s ) tan ϕ ) cos β m
+ Ts ) cos β m

,

(6)

where Ns and Ts (both given in N) are the contributions of the seepage force to the normal force
and the shear force, respectively. For saturated regolith, the saturated weight is used. The slip surface area A (m²) assigned to each column is computed as

1 − ( sin β xz ) ( sin β yz )
2

A
= dx ⋅ dy

cos β xz cos β yz

2

,

(7)

where dx and dy (both in m) are the raster cell sizes in x and y direction and βxz and βyz are the
inclinations of the slip surface in x and y direction (Xie et al., 2003).

R comprises the cohesion and friction, which is mobilised by the normal force on the failure plane
(defined by αc and βc; Fig. 4A). It acts in the direction of the movement of the failure body, which
is the main aspect of the ellipsoid α (Fig. 3). The driving force acts in the same direction. βm is the
apparent dip of the slip surface at the considered column in the direction of α (Xie et al., 2003).

tan β m = tan β c cos(α c − α ) .

(8)

Hovland (1977) did not consider seepage flow in his model, which is essentially a three dimensional version of the Fellenius (1927) method. Most commonly, the effect of ground water is added
to the model by subtracting the pore water pressure force from the normal force induced by the
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saturated weight of the soil on the shear plane e.g., Xie et al. (2003, 2006). This is similar to what is
done when using Bishop’s simplified method (Bishop, 1954). However, this approach is mechanically correct for Bishop’s simplified method, but it is not correct for the Fellenius (1927) method,
due to the fact that the inter-slice forces are not considered (King, 1989). In the 2D Fellenius model it can be shown that using the seepage force directly is the same as subtracting the pore water
pressure force form the normal force only for the case that the seepage force acts parallel to the
shear plane (of the considered column). This is generally true in the case of an infinite slope model
with slope parallel seepage flow. Using ellipsoids to model the shear planes the seepage force is in
general not parallel to the shear plane of the columns, even if the seepage is parallel to the slope.
Our approach is a three-dimensional application of King’s model (King, 1989), which is more general. S acts in the direction of the hydraulic gradient, which is approximated by the aspect and
slope of the groundwater table (αw and βw; Fig. 4B):

S = γ w dx ⋅ dy ⋅ d sat sin β w ,

(9)

where γw is the specific weight of water and dsat is the depth of the saturated regolith. The horizontal Sh and the vertical Sv components of the seepage force (both given in N) are

S h = S cos β w ,

(10)

S v = S sin β w .

(11)

Sv is invariant in terms of the projection of S to any vertical plane. Therefore only the horizontal
component has to be projected to the vertical planes defined by the steepest slope (αc and βc) and
the main inclination direction of the slip surface (Sch and Smh, both given in N):

S ch = S h cos(α w − α c ) ,

(12)

S mh = S h cos(α w − α ) .

(13)

The projected seepage forces Sc and Sm (both given in N), and their vertical angles βSc and βSm are
then derived as follows:

S c = S v + S ch ,

(14)

S m = S v + S mh ,
2

(15)

cos β Sc = S ch S c ,

(16)

cos β Sm = S mh S m .

(17)

2

2

2
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Fig. 4. Computation of normal force, driving and resisting forces for an arbitrary column. (A) Vertical profiles defined by the direction of the steepest slope of the column (relevant for the shear
resistance) and along the main inclination direction of the ellipsoid (relevant for the shear force).
(B) Contribution of the seepage force to the shear resistance (Ns tan φ) and to the shear force (Ts).
Note that, in this example, the contribution of the seepage force to the shear resistance is negative.
The component of Sc perpendicular to the slope represents the contribution of S to the normal
force Ns, and the slope-parallel component of Sm represents the contribution of S to the shear force

Ts (Eq. 6):

N s = S c sin (β Sc − β c ) ,

(18)

Ts = S m cos(β Sm − β m ) .

(19)

Additional external forces, including seismic loading, are not considered (Xie et al., 2006).
After repeating the slope stability calculation for each slip surface, the model results are discretized to the GIS raster cells. Any raster cell may be intersected by various slip surfaces, each of
them associated with FSR. This results in an overview of potentially unstable regions without
showing the individual sliding areas. The following sets of output raster maps are produced:
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1. The minimum FSR value applicable to each raster cell FSmin and the depth of the associated
slip surface.
2. The deepest slip surface with FSR < 1 and the corresponding FSR.
An index for landslide susceptibility, based on a weight depending on FSR for each tested ellipsoid,

wFS. For FSR < 1, wFS = 1, for FSR ≥ 1, wFS = 0. Summing up wFS over all tested ellipsoids and dividing
the result by the total number of ellipsoids touching the considered raster cell gives an estimate of
landslide susceptibility. Although only the most critical slip surface is strictly relevant for slope
stability, the geotechnical parameters – and particularly their three-dimensional spatial patterns –
are often uncertain so that considering only the result for the one most critical slip surface may
not be enough. Hence, the landslide susceptibility index represents an approximate attempt to
consider the uncertainty in the parameters. It has to be considered that the outcome of this approach depends on the number and the size of the generated ellipsoids. However the variability of
the results can be controlled by (i) limiting the ellipsoids size to the width and length of the landslide dimensions and (ii) generating a large number of ellipsoids. Furthermore, a table with the
ellipsoid parameters and the FSR for each slip surface is generated.

r.rotstab includes an infinite slope stability model run independently of the three-dimensional
model. FSI is computed for each raster cell and each regolith layer according to Eqs. (1) to (3). The
lowest FSI value and the deepest slip surface with FSI < 1 are stored.

Fig. 5. Case studies for the validation of r.rotstab, 3D views and longitudinal sections (not in scale).
(A) Simple inclined surface (Hungr et al., 1989; Lam and Fredlund, 1993; Xie et al., 2006). (B) Case
study used by Leshchinsky et al. (1985); Hungr et al. (1989); and Xie et al (2006). (C) Topography
and slip surface with piezometric line and weak discontinuity used by several authors (see
Xie et al., 2006 for references), values are rounded due to conversion to the metric system.
Before applying the model for real-world data, the plausibility of the model results is evaluated.
The r.rotstab model is tested against three case studies used by Fredlund and Krahn (1977); Lesh-
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chinsky et al., 1985; Hungr et al. (1989); Lam and Fredlund (1993); and Xie et al. (2006). FSR values
yielded with various raster cell sizes are compared to those computed by Xie et al. (2006) with the
software 3DSlopeGIS. The assumptions of slip surface geometry and geotechnical parameters are
shown in Fig. 5, and the results are summarized in Table 1. For the case studies A and B the results
obtained with r.rotstab are similar to those reported by Xie et al. (2006). The minor differences
can be explained with slight differences of the spatial discretization. Case study C suffers from
lacking information on the exact depth and thickness of the weak layer. However, also here the
results yielded with r.rotstab a in the range of the results yielded with the other models.
Table 1. Comparison of the values of FSR yielded with r.rotstab to those values obtained with
3DSlopeGIS (Xie et al., 2006) for the case studies shown in Fig. 5. For (A), the results of Xie et al.
(2006) are for a cell size of 0.02 m, for (B) and (C) the cell size is not given.
cell size or
model
0.02 m
0.05 m

(A)

(B)
with C1

(B)
with C2

cell size

(C)
Surface 1
without/with
weak layer

(C)
Surface
2 dry

(C)
Surface 2
saturated

2.10/2.05

1.58
1.58

1.53

1.57

1.49

Results with r.rotstab (the original Hovland 3D model is used here)

0.10 m

Hovland 3D
Bishop 3D
Janbu 3D

Revised
Hovland 3D

1.43
1.38
1.35
1.43
1.43
1.40
1.38

1.19
1.18
1.16

1.28
1.27
1.26

0.5 m
1.0 m
2.0 m

2.03/2.02
2.04/2.02

Results with 3DSlopeGIS (Xie et al., 2006)
1.19
1.20
1.22
1.18

1.25
1.31
1.29
1.27

2.09
2.28
2.04
2.30

1.53
1.71
1.61
1.67

1.53
1.48
1.62
1.54
1.57

4 Study area
We test the r.rotstab model in the Collazzone area, Umbria, central Italy (Fig. 6A), an area where
landslides are frequent and abundant, and for which landslide, morphological and geological information is available (Guzzetti et al., 2006a,b, 2009; Ardizzone et al., 2007; Galli et al., 2008; Rossi et al., 2010; Fiorucci et al., 2011). The study area extends for 78.9 km2, the terrain elevation
ranging between 145 m asl along the Tiber River flood plain and 634 m asl at Monte di Grutti,
with an average elevation value of 273 m (standard deviation = 96 m). The terrain gradient (slope)
ranges from 0° to 64°, with a mean value of 9.9° and a standard deviation of 6.4° (Fig. 6B). The
landscape in the Collazzone area is hilly, and the lithology and the orientation and dip of the bedding plane control the morphology of the slopes. Valleys oriented E–W are longer, symmetrical
and perpendicular to the direction of the bedding planes, and valleys oriented N–S are shorter,
asymmetrical and parallel to the main direction of the bedding plains. Sedimentary rocks, Lias to
Holocene in age, crop out in the area, with most of the area covered by continental sediments
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(including gravel, sand and clay), Pliocene to Pleistocene in age (Fig. 6C). Fine to medium texture
soils characterized by a xeric moisture regime typical of the Mediterranean climate mantle the
area with thicknesses in the range from a few decimetres to more than 1.5 m. Cultivated areas
(68.6%), woods (13.5%), abandoned areas (11.1%), and other land cover types (6.8%) cover the
area (European Environment Agency, 2012).

Fig. 6. Study area and data. (A) Location of the Collazzone study area, Umbria, central Italy. (B)
Slope map. (C) Lithological map. (D) Geomorphological landslide inventory map showing shallow
and deep-seated landslides.
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The average total annual rainfall computed for the period 1921–2001 averages 885 mm, with most
of the rainfall occurring in the period from September to December. Snow falls in the area on average every 2–3 years. Intense or prolonged rainfall periods are the primary natural triggers of
landslides in the area (Ardizzone et al., 2013), followed by the rapid melting of snow (Cardinali et al., 2000). Landslides range in age, type, morphology, and volume from very old, partly
eroded, large and deep-seated slides to young and shallow slides and flows. The recent landslides
are most abundant in the cultivated areas and rare in the forested terrain, indicating a relationship
with agricultural practices.

5 Materials
A 5×5 m DEM is available for the study area. The DEM was prepared by automatic interpolation
of 10 and 5 m contour lines obtained from 1:10,000 scale topographic base maps. Despite local
problems, the DEM captures the morphological signature of the landslides and of the related morphological (e.g., escarpments) and lithological (e.g., more/less resistant sandy/clay layers) features
in the study area (Fig. 6B). Lithological information obtained through field mapping aided by the
interpretation of medium-scale aerial photographs is also available for the study area (Guzzetti et al., 2006a). Here, we use a lithological map (Fig. 6C) showing nine lithological classes. Table 2
lists the relative abundance of landslides in each lithological class. In the same table we list the
90th, 95th and 98th percentile of the terrain gradient statistical distribution for each lithological
class. Limited information on the mechanical (geotechnical) and hydraulic properties of the different lithologies is available for the study area. Some basic data were obtained from a small number
of laboratory tests. Additional information on the geotechnical characteristics of the considered or
similar sediments was obtained from the literature, including Cencetti and Conversini (2003);
Gori et al. (2004); Shafiee (2008); Feda et al. (1995); Lade (2010); Delmonaco et al. (2013); and Di
Matteo et al. (2013), as well as from an unpublished database of geotechnical data for central Italy
built from information provided by professional geologists. Analysis of the collected data revealed
a significant variability in the mechanical and the hydrological properties of the geological materials present in the study area.
Information on landslides is abundant in the Collazzone area. The landslide information was obtained through (i) the extensive visual interpretation of multiple sets of aerial photographs taken
at irregular intervals between 1941 and 1997 (Guzzetti et al., 2006a,b), (ii) the visual interpretation
of aerial ortho-photographs, hill-shade images obtained from VHR Lidar DEMs, monoscopic and
stereoscopic VHR optical (panchromatic and multi-spectral) satellite images (Ardizzone et al.,
2007, 2013; Fiorucci et al., 2011), and (iii) repeated field surveys conducted following landslide
events. Galli et al. (2008) and Guzzetti et al. (2009) examined the quality and completeness of the
inventory. The area of the individual landslides ranges from 36 m² to 1.45 km² (Guzzetti et al.,
2006a), and the landslides are most abundant between 302 m² (5th percentile) and 24,329 m² (95th
percentile). The larger landslides in the inventory are classified as very old (relict), despite some
ambiguity in the definition of the age of a mass movement based on its morphological appearance
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(Galli et al., 2008). Here we consider 2394 shallow landslides and 520 deep-seated landslides (excluding the very old ones), with a total landslide area of 12.6 km2, 14.1% of the study area
(Fig. 6D). Landslide scarps are distinguished from the transit and deposition areas. From the landslide inventory, available in a GIS, we obtain measures and statistics of L, W, and the L/W ratio
relevant for constraining the input parameters for the r.rotstab simulations (Table 3). Intersection
in the GIS of the landslide inventory map (Fig. 6D) with the terrain slope (Fig. 6B) and lithological
(Fig. 6C) maps allows computing landslide statistics for each lithological and slope class (Table 2).
In addition, field observations in the Collazzone area and in similar physiographical areas in Umbria indicate that shallow landslides have D < 5 m, with a mean D value of ∼1.5 m, and deepseated landslides in residual rock have D > 5 m, with a maximum value of 20 m. In cultivated areas, the failure surface of shallow landslides coincides locally with the depth of the soil column
disturbed by agricultural activities, 0.7 < D < 1.3 m (Fiorucci et al., 2011). Here we use a depth of
1.3 m for modelling of shallow landslides as this is the most unfavourable assumption. We
acknowledge that the distinction between shallow and deep-seated landslides is fuzzy, and that
uncertainty exists in the determination of the landslide depth. However, as it was done for the
Collazzone area, experienced and well-trained geomorphologists are able to distinguish deepseated from shallow landslides based on the visual interpretation of aerial photographs (Guzzetti et al., 2005, 2012).
Table 2. Lithologies in the Collazzone area. Aclass = area covered by the class, AsL = area covered by
shallow landslides, dsL = density of shallow landslides (% of the area), AdL = area covered by deepseated landslides, dsL = density of deep-seated landslides. 90th, 95th and 98th are percentiles of
terrain slope computed from a 5×5 m DEM.
ID

Lithological type

2

Clay

1
3
4
5
6
7
8
9

Aclass

AsL

dsL

AdL

ddL

km²

km²

%

km²

%

90th

0.44

16.7

16.9

0.01

0.0

Sand

7.98

0.71

Flysch sediments

7.86

0.75

2.63

Gravel, sand, silt, clay

16.24

Sandstone

1.03

Sand, silt, clay

Conglomerate
Limestone

Travertine
Study area

42.88
1.73
6.31
2.85

89.51

8.9

0.78

9.5

1.41

0.37

14.2

0.02

0.1

4.47

10.4

0.07

3.9

0.03
0.04
0.00
6.46

2.4
0.7
0.1
7.2

9.7

18.0

21.7
18.6
4.0

Slope (°)
95th

98th

20.9

26.6

26.4
22.0
5.4

31.6
26.6
8.4

4.92

11.5

16.5

20.4

26.0

0.18

10.3

26.8

31.4

38.1

0.04

1.3

0.04
0.20
8.01

3.5
3.2
8.9

33.1
24.8
12.8
21.7

37.9
28.8
16.5
26.4

42.3
33.8
22.2
31.6
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Table 3. Fifth and 95th percentile of the length (L), width (W) and the L/W ratio of shallow and
deep-seated landslides in the Collazzone area. L is measured in the direction of the steepest slope.

Shallow landslides

Deep-seated landslides

L (m)
16
65

5th percentile (q5)
W (m)

L/W

55

0.45

15

0.38

95th percentile (q95)

L (m)

W (m)

L/W

266

291

2.39

129

125

2.85

6 Modelling in the Collazzone area
6.1 Parameter optimization
Given the large variability and uncertainty in the available information for the cohesion, we determined the values of the cohesion for the different lithological classes by adopting a calibration
approach based on the assumption that the steepest slopes in each lithological type are metastable
(FS ~ 1) in dry conditions. With this assumption, we determine the 90th, 95th, and 98th percentiles of the terrain slope for each lithological class (Table 2), and we use r.rotstab to calculate the
corresponding values of the cohesion (c90, c95, c98) for which FSR = 1, maintaining all the other variables constant (in particular the friction angle), and considering a truncated ellipsoid with a fixed
depth of 1.3 m for shallow slope stability and a non-truncated ellipsoid with a fixed depth of 20 m
for deep-seated slope stability. We choose the depths on the basis of field surveys (Fiorucci et al
2011) and photo interpretation (Guzzetti et al., 2006a,b) as partially explained in Section 5. The
results of the calibration are listed in Table 4. The approach proves successful for most of the lithological types characterized by a significant abundance of landslides e.g., for clay, flysch sediments
and sandstone (ID 2, 3, 6 in Table 2) and for the assemblage of sand, silt and clay (ID 5 in Table 2).
These four lithological classes encompass 86.9% of the mapped shallow landslides, and 85.0% of
the mapped deep-seated landslides. The approach proves unsuccessful for the other lithological
classes, providing values of FSR > 1 for c = 0. This fact in combination with the figures given above
indicates that the topography formed by these lithologies is to a lesser extent governed by landslides. For these lithological classes the values of the cohesion are estimated based on an unpublished database of geotechnical data for central Italy. Note that these data do not necessarily
refer to undisturbed rock but rather to disturbed material in cracks and fissures, forming preferential sliding surfaces. This explains the comparatively low values observed, e.g., for limestone in
Table 4. Also some of the calibrated cohesion values, in addition to their theoretical character,
may be seen in this context, possibly explaining, e.g., the low c90 for clay (class 2).
We exploit the terrain, lithological, landslide, geotechnical, and hydrological information available for the Collazzone area (Fig. 6B–D; Table 4) in order to test the performance of the r.rotstab
computer model. For this purpose, we perform multiple numerical simulations. For all the simulations – except for the infinite slope stability model – the parameters controlling the size of the
ellipsoids representing the potential failure surfaces are decided considering the 5th and 95th per-
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centiles of the observed range of L, W, and L/W values (Table 3). The range of landslide sizes used
for the modelling therefore covers most of the range of landslide dimensions in the Collazzone
study area (Guzzetti et al., 2006a, 2009; Galli et al., 2008). The depth of the failure plane is limited
to 1.3 m for shallow landslides(truncated ellipsoids), and to 20 m for deep-seated landslides (nontruncated ellipsoids). The simulations are performed using a raster with cells 5×5 m in size, geographically consistent with the available DEM. The simulations are performed assuming an unconfined water table coinciding with the local topographic surface i.e., a fully saturated soil. The
values for the mechanical (γd, φ) and hydraulic (θs) properties are kept constant for each lithological class (Table 4).
Table 4. Geotechnical and hydrogeological parameters for each regolith class – γd = dry specific
weight, c = cohesion, φ = angle of internal friction, θs = saturated water content. The subscripts 90,
95 and 98 correspond to the percentiles of the slope used for calibration (see Table 2 for details). *
= estimated values (calibration not applicable).

ID

γd
kN m-3

3

18

1
2
4
5
6
7
8
9

19

c (depth = 1.3 m) kN m-2
c90

c95

c98

c (depth = 20 m) kN m-2
c90

0.5*

0.5*

0.5*

19

1.5*

1.5*

1.5*

13.0*

22

1.0*

1.0*

2.1

8.5*

22
18
22
22
22

0.0
1.8
0.9
0.0

1.5*
1.0*

1.8
3.1
2.5
2.1

1.5*
1.0*

4.5
4.8
4.6
4.0

1.5*
1.0*

4.0*
0.0

16.0
7.5
0.0

13.0*
8.5*

c95

4.0*

c98

φ
°

θs
vol.-%

15

45

4.0*

38

13.0*

13.0*

30

8.5*

17.0

15.5
27.5
21.5
16.0

13.0*
8.5*

40.0
44.0
42.0
34.0

13.0*
8.5*

18
15
35
35
35
35

40
45
45
45
45
45
45
45

We perform two sets of numerical simulations. A first set of four simulations for shallow landslides, and a second set of four simulations for deep-seated landslides. Each set of simulations comprises three simulations using the cohesion values c90, c95, and c98 (Tables 4 and 5), and an additional simulation performed using a value for the cohesion selected randomly in the range of values
bracketed by c90 and c98. Table 5 summarizes the parameters adopted for the two sets of simulations.
In addition, we prepare a separate simulation of shallow slope stability using an infinite slope stability model (Montgomery and Dietrich, 1994; Pack et al., 1998; Wilkinson et al., 2002; Xie et al.,
2004a; Godt et al., 2008). For this simulation, we use the same terrain (5×5 m DEM), mechanical
(γd, φ, c90, c95, and c98), and hydraulic (θs) parameter values adopted for the other simulations. The
depth of the slip surface is fixed with 1.3 m.
The performance of the r.rotstab model depends on the selection of the parameters governing the
calculation, i.e. the raster cell size and the number of random ellipsoids. The ellipsoid density ds is
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the statistically expected number of tested random ellipsoids touching each raster cell. It is approximated as

ds = n

Ap
As

=n

p (Lmax + Lmin )(W max + W min )c t
,
16As

(20)

where n is the number of the random ellipsoids being tested, Ap (m²) is the average projected surface area of a single ellipsoid, and As (m²) is the extent of the study area. Lmax, Lmin, Wmax and Wmin
(all given in m) are the maximum and minimum constraints for the randomization of ellipsoid
length and width, and ct is a dimensionless correction factor for the topography (slope angle). It is
introduced in order to account for the horizontal projection of the ae axis of the ellipsoid. ct is
therefore set to the average cosine of the slope over the entire study area. The higher the ellipsoid
density for a raster cell, the higher the probability that the theoretically most critical situation is
considered. The required minimum ellipsoid density depends on the slip surface geometry. Since
the depth of the potential failure surfaces is better constrained for shallow than for deep-seated
failures, a smaller density of surfaces is expected to be sufficient for shallow landslides than for
deep-seated landslides.
Table 5. Summary of the parameter settings for the eight model runs. Dmax and Dmin are the constraints of the potential landslide depth D, zb,r,max and zb,r,min are the constraints of zb relative to the
length of the ce axis of the ellipsoid (Fig. 3), ds is the ellipsoid density. All model runs are for saturated regolith with a raster cell size of 5 m. L, W and L/W are constrained by the values for q5 and
q95 shown in Table 3. aDepth of the ellipsoid bottom, bDepth of the truncated ellipsoid.
Dmax
m

Dmin
m

zb,r,max
ratio

zb,r,min
ratio

assumption
of c

2.5a 1.3b

0.0

0.5

c95

ID

landslide type

1

Shallow

10.0a 1.3b

2.5a 1.3b

4

Shallow

10.0a 1.3b

2.5a 1.3b

2
3
5
6
7
8

Shallow
Shallow

Deep-seated
Deep-seated
Deep-seated
Deep-seated

10.0a 1.3b
10.0a 1.3
20.0
20.0
20.0
20.0

2.5a

1.3b

5.0
5.0
5.0
5.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.5
0.5

c90
c98

0.5

Random

0.5

c98

0.5
0.5
0.5

c90
c95

Random

ds
ratio
712

1424
4019
8038

For reasons of memory management, the study area is split into 150 tiles of 1.64×1.66 km each.
The tiles overlap by twice the possible maximum of ae and be. After the calculation, all the tiles are
put together. In order to decide on the number of ellipsoids to be tested for each tile, we perform
multiple r.rotstab runs in a small 0.9 km² portion of the study area, for shallow and deep-seated
slope stability (Fig. 7). As expected, for each cell, the obtained FSR value tends to become constant
when the ellipsoid density becomes large enough. Based on the results of these runs, we choose to
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test 50,000 ellipsoids for each tile. With the parameters given in Table 3, this number corresponds
to ellipsoid densities ds = 712 for shallow landslides, and ds = 4019 for deep-seated landslides.
We now present the results of the simulations performed in the Collazzone area. First, we explore
the influence of raster cell size on the resulting FSR. We then discuss the results of the shallow
landslide modelling on the basis of FSR obtained. Next, we compare the results of the shallow landslide modelling with an infinite slope stability model, applicable to shallow landslides. Then, we
discuss the results of the deep-seated landslide modelling. Finally, we introduce an attempt to
quantify shallow and deep-seated landslide susceptibility with r.rotstab.

Fig. 7. Evolution of the model results during the calculations for (A) shallow and (B) deep-seated
landslides for the 0.9 km² test area. The change of FSR multiplied by area refers to the cumulative
change over the entire area during an interval of Δds = 1. The arrows indicate the values of ds chosen for the main calculation.

6.2 Effect of raster cell size
The DEM for the Collazzone area is available at a raster cell size of 5×5 m. On the one hand, this
resolution may be too rough particularly for small ellipsoids (Fig. 3C). On the other hand, executing the r.rotstab model at a finer cell size would – with the computational power available – result
in unacceptably long computing times for the entire Collazzone area. The model performance at
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different cell sizes is therefore evaluated by comparatively executing r.rotstab with 1×1 m and
5×5 m cell size for a 3.1 km² subsection of the Collazzone area. In order to focus on smaller ellipsoids supposed to be more sensitive to cell size effects, L and W are constrained by 5 m ≤ L ≤ 80 m
and 5 m ≤ W ≤ 80 m. L/W is constrained by 0.25 ≤ L/W ≤ 4 whilst the depths given in Table 5 are
used. c95 is used for the test (Table 4). It is ensured to test identical ellipsoids in the two computations by controlling the seed of the randomization of the parameters.
Looking at single slip surfaces, the deviation of FSR is ≤10% for 79% of all tested truncated ellipsoids (shallow slope stability) and for 50% of all tested full ellipsoids (deep-seated slope stability).
However, these values rise to 84% and 69% when only considering slip surfaces with FSR ≤ 1.5
computed with a cell size of 1×1 m. As expected, the results correspond better for large ellipsoids
than for small ellipsoids. The scores for selected levels of correspondence/deviation are summarized in Table 6.
Table 6. Comparison of model runs with different raster cell sizes. The percentages indicate the
share of all slip surfaces or GIS raster cells meeting the criteria of deviation indicated in the header. Deviation is based on the ratio between FSR computed with cell sizes of 5×5 m and 1×1 m.

Total

FSR ≤ 1.5
L ≤ 40
L > 40
Total

FSR ≤ 1.5

≤5%
61%
66%
51%
70%
83%
83%

Shallow slope stability
≤10%

≤25%

84%

95%

79%
72%
85%
96%
96%

91%
90%
92%

≤50%

≤5%

97%

49%

Slip surfaces
95%
95%
95%

GIS raster cells

100%
100%

100%
100%

34%
14%
51%
65%
64%

Deep-seated slope stability
≤10%

≤25%

≤50%

69%

87%

93%

50%
27%
69%
91%
90%

73%
57%
86%
99%
99%

86%
78%
92%

100%
100%

A much better correspondence of the results computed with the different levels of raster cell size
is observed on the basis of the most critical value of FSR assigned to each raster cell (Table 6): 95%
of all raster cells show a deviation of ≤ 8.9% for shallow slope stability and ≤ 12.7% for deep-seated
slope stability. Here, no significant dependency of the deviation on FSR is observed as slip surfaces
with high FSR valuess are hardly reflected in the model results (Table 6). Moreover, the computation with 5×5 m cell size predicts a lower value of FSR than the computation with 1×1 m cell size
for 63.4% (shallow slope stability) and even for 84.8% (deep-seated slope stability) of all raster
cells. The model run with the coarser resolution therefore yields the more conservative results.
We conclude that the cell size of 5×5 m is acceptable for the purpose of the present study, given
the above considerations. However, it is shown that the effect of raster cell size is considerable at
the level of individual ellipsoids.
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6.3 Modelling of shallow landslides
The results of the slope stability modelling for shallow landslides are shown in Fig. 8, portraying
the geographical distribution of FSR computed by r.rotstab using three different values for the cohesion (c90 ≤ c95 ≤ c98) for each lithological class (Table 4). Fig. 8 shows for each raster cell the lowest FSR value from the ellipsoids that intersect it. In Fig. 8 the values of FSR are ranked and classified in eight classes, five classes representing stable or metastable (FSR ≥ 1) conditions, and three
classes representing unstable conditions (FSR < 1). Visual analysis of the three maps reveals that
the proportion of stable terrain increases with increasing cohesion values. Correspondingly, the
proportion of unstable slopes decreases with increasing cohesion values. This result is expected
from Eq. (6). The proportion of unstable (stable) terrain is 50.2% (49.8%) for c90, 29.7% (70.3%) for

c95, and 14.0 (86.0%) for c98 (Table 7).

Fig. 8. Factor of safety for shallow slope stability. FSR computed wwith (A) c90, (B) c95, and (C) c98
(Table 4), model runs 1, 2, and 3 (Table 5). The insets show in detail a 3.1 km² subsection of the
Collazzone area.
Fig. 8 also shows the geographic distribution of 2394 shallow landslides mapped in the study area,
for a total shallow landslide area of 6.46 km2, 7.2% of the entire study area. The intersection of the
inventory of shallow landslides (Fig. 6D) with the geographic distribution of the slope stability
conditions modelled by r.rotstab allows for a quantitative evaluation of the performance of the
model regarding the different simulations. In order to compare the geographic distribution of
known shallow landslides with the modelled slope stability/instability conditions, we assume that
all unstable cells (FSR < 1) are (potential) shallow landslide areas. We acknowledge this is a simplification. In this context, (i) a true positive (TP) is a raster cell predicted as unstable by the r.rotstab
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model (FSR < 1) that contains a shallow landslide, (ii) a true negative (TN) is a cell predicted as
meta-stable or stable by the model (FSR ≥ 1) that does not contain a shallow landslide, (iii) a false
positive (FP) is a cell predicted as unstable by the model (FSR < 1) that does not contain a shallow
landslide, and (iv) a false negative (FN) is a cell predicted as stable by the model (FSR ≥ 1) that contains a shallow landslide. However, the evaluation of the results of the r.rotstab model is limited
by the fact that the TP predictions are not necessarily meaningful from a physical point of view
i.e., the slip surface yielding the most critical FSR value does not necessarily correspond to the slip
surface of the observed landslide.
The results of the evaluation of the model performance, summarized in Table 7, reveal that the
proportion of correctly classified cells i.e., the sum of TS and TN increases significantly with increasing cohesion values: TP + TN = 54.7% for c90, 70.2% for c95, and 81.2% for c98. Correspondingly, the number of incorrectly classified raster cells decreases with increasing cohesion values:
45.3% for c90, 29.8% for c95, and 18.8% for c98. However, considering solely the mapped shallow
landslides the proportion of correctly classified landslides (TP) decreases with increasing cohesion
values: 50.2% of the entire study area have to be defined unstable in order to correctly predict
80.2% of the observed landslides (c90), 29.7% to predict 49.0% (c95), and 14.0% to predict 19.9% of
the observed landslides (c98). We conclude that a less conservative model (higher value of cohesion, c98) results in an enhanced prediction of stable areas, and a proportionally inferior prediction
of the unstable (landslide) areas.

6.4 Comparison with infinite slope stability model for shallow landslides
The results of the simulations performed by r.rotstab for shallow landslides can be compared with
the results obtained for the same area using the infinite slope stability model (Figs. 8 and 9). Intersection of the results of the infinite slope stability model with the 2394 shallow landslides mapped
in the study area allows for a quantitative analysis of the predictive performance of the infinite
slope stability model (Table 7). It allows a comparison with the corresponding simulation using
the r.rotstab model. For all three assumptions of cohesion, the proportion of terrain classified as
unstable is significantly higher for the r.rotstab model (50.2% for c90, 29.7% for c95, and 14.0% for

c98) than for the infinite slope stability model (25.8% for c90, 13.8% for c95, and 6.7% for c98), and
the proportion of correctly classified terrain (TP + TN) is significantly larger for the infinite slope
stability model (73.7% for c90, 81.9% for c95, and 86.7% for c98) than for the r.rotstab model (54.7%
for c90, 70.2% for c95, and 81.2% for c98). The infinite slope stability model always correctly predicts more than half of the cells not mapped as landslide (76.0% for c90, 87.0% for c95, and 93.5%
for c98), but less than half of the mapped landslide cells (46.6% for c90, 23.0% for c95, and 9.4% for

c98), whilst the r.rotstab model predicts correctly more than half of both the cells not mapped as
landslide (52.4% for c90, 72.0% for c95, and 86.6% for c98) and a significantly higher proportion of
the mapped landslide cells (80.2% for c90, 49.0% for c95, and 19.9% for c98) than the infinite slope
stability model. Using the infinite slope stability model, 25.8% of the entire study area have to be
defined unstable in order to correctly predict 46.6% of the observed landslides (c90), 13.8% to predict 23.0% (c95), and 6.7% to predict 9.4% of the observed landslides (c98). We conclude that the
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r.rotstab model performs better in considering the specific tasks of predicting separately landslide
and no landslide cells.

Fig. 9. Factor of safety for shallow slope stability (infinite slope stability model). FSI computed
with (A) c90, (B) c95 and (C) c98 (Table 4). The insets show in detail a 3.1 km² subsection of the Collazzone area.
It is worth discussing further why the infinite slope stability model predicts a smaller proportion
of unstable areas than the r.rotstab model. For this purpose, we select a small portion of the study
area and enlarge the results of the two models (Fig. 10). The infinite slope stability model
(Fig. 10A) considers separately the stability/instability conditions of every single cell in the modelling domain, ignoring the presence and the effects of the neighbouring cells. Given the modelling
constrains, the modelling result is strongly conditioned by the local terrain slope and geotechnical
parameters (Eqs. 1–3), and the transition between stable (FSI > 1) and unstable (FSI < 1) conditions
can be locally abrupt. Instead, the r.rotstab model (Fig. 10B) considers the geometry, mechanical,
and hydrological properties of the neighbouring cells, up to a distance decided by the size of the
ellipsoid used to model the slope stability. For this reason, the results are conditioned by the values of the terrain slope in the entire area considered by the slope stability simulation (i.e., the
modelling ellipsoid). This justifies the different results obtained by the infinite slope stability
model and the r.rotstab model (Fig. 10C). Where the terrain is steep or very steep, both models
result in low values of FS (FSR ~ FSI), with the low values of FSI conditioned by the local (steep)
slope, and the low values of FSR conditioned by critical ellipsoids of relatively small size (Fig. 10D).
The larger ellipsoids intersect less steep terrain resulting in higher values of FSR. However, for
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moderately steep slopes located directly adjacent to steep slopes, FSR < FSI, since FSR is influenced
by the steep slope whilst FSI is not (Fig. 10C).

Fig. 10. Comparison of FSI and FSR. (A) FSI, (B) FSR, (C) difference between FSI and FSR, (D) length
of the down-slope half axis of the most critical ellipsoid (acrit). All maps are based on c90 for shallow
slope stability (Table 4), grid size: 100×100 m, raster cell size: 5×5 m, elevation is two-fold exaggerated.

6.5 Modelling of deep-seated landslides
The results of the slope stability modelling for the deep-seated landslides are shown in Fig. 11,
portraying the geographical distribution of FSR using three different cohesion values (Fig. 6B) i.e.,
the 90th, 95th, and 98th percentiles (Tables 4 and 5). The computed values of FSR are classified in
the same eight classes used before for shallow landslides, five classes representing stable or metastable conditions (FSR ≥ 1) and three classes representing unstable conditions (FSR < 1). As for the
shallow landslides, visual analysis of the three maps reveals that the proportion of unstable terrain
decreases with increasing cohesion values. The proportion of unstable (stable) terrain is 44.3%
(55.7%) for c90, 18.2% (81.8%) for c95, and 3.7% (96.3%) for c98 (Table 7).
Fig. 11 shows the geographic distribution of 520 deep-seated landslides mapped in the study area,
for a total deep-seated landslide area of 8.01 km², 8.9% of the study area. Intersection of the inventory of deep-seated landslides (Fig. 6D) with the geographic distribution of the slope stability
conditions modelled by r.rotstab allows for a quantitative evaluation of the performance of the
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model for the different simulations. Similarly to what was done for the shallow landslides we assume that all unstable cells (FSR < 1) are (potential) deep-seated landslide areas.

Fig. 11. Factor of safety for deep-seated slope stability. FSR computed with (A) c90, (B) c95, and (C)
c98 (Table 4), and model runs 5, 6, and 7 (Table 5). The insets show in detail a 3.1 km² subsection
of the Collazzone area.
Inspection of the evaluation summary shown in Table 7 reveals that the proportion of correctly
classified cells, i.e. TP + TN increases significantly with increasing cohesion values: 58.5% for c90,
77.1% for c95, and 87.4% for c98. Correspondingly, the number of incorrectly classified raster cells
decreases with increasing cohesion values: 41.5% for c90, 22.9% for c95, and 12.6% for c98. We note
that the proportion of correctly classified cells is larger for the models for the deep-seated slope
stability (58.5%, 77.1% and 87.4%) than for the corresponding models for the shallow slope stability (54.7%, 70.2% and 81.2%; Table 7).
The sum of TP and TN though, both for deep-seated and shallow landslides, should be carefully
considered. Since most of the study area has not experienced landsliding, a less conservative model
will perform better, and increasing the cohesion makes the model less conservative. Considering
solely the mapped deep-seated landslides, TP decreases significantly with increasing cohesion values (Table 7). As expected, the less conservative model (higher value of cohesion, c98) results in an
enhanced prediction for the stable areas, and a poorer prediction for the deep-seated unstable areas: 44.3% of the entire study area have to be defined unstable in order to correctly predict 64.3%
of the observed landslides (c90), 18.2% to predict 25.5% (c95), and 3.7% to predict 3.6% of the observed deep-seated landslides (c98). We will further discuss this problem in Section 7.
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Table 7. Quantitative model evaluation with the inventories of shallow and deep-seated landslides
in the Collazzone area (see also Figs. 8, 9, and 11). I = infinite slope stability model, R = r.rotstab
model. See Table 4 for the values of c90, c95, and c98.
Indicator (all values
given in %)
True negatives TN

False negatives FN
False positives FP
True positives TP

True negative rate
TN/(TN+FP)
True positive rate
TP/(FN+TP)

Total rate of non-landslide predictions TN+FN
Total rate of landslide
predictions FP+TP

Total rate of true predictions TN+TP
Total rate of false predictions FN+FP

shallow slope stability (I)
c90

c95

c98

69.9

80.0

86.0

3.8

1.9

0.8

4.3

22.0
76.0
46.6
74.2
25.8
73.7
26.3

6.2

11.9

7.3
6.0

87.0

93.5

86.2

93.3

81.9

86.7

23.0
13.8
18.1

9.4
6.7

13.3

shallow slope stability (R)
c90

c95

c98

deep-seated slope
stability (R)

c90

c95

c98

48.2

66.2

79.6

52.3

74.7

87.1

6.5

3.9

1.6

6.2

2.5

0.3

1.6

43.7
52.4
80.2
49.8
50.2
54.7
45.3

4.1

25.7
72.0
49.0
70.3
29.7
70.2
29.8

6.5

12.4
86.6
19.9
86.0
14.0
81.2
18.8

3.4

38.1
57.9
64.3
55.7
44.3
58.5
41.5

7.2

15.7

9.3
3.3

82.6

96.3

81.8

96.3

77.1

87.4

25.5
18.2
22.9

3.6
3.7

12.6

6.6 Landslide susceptibility index
Using the above described approach, some cells representing flat areas (e.g., an alluvial plain) near
to steep slopes can be intersected by a single large sliding surface. Those cells are considered, from
the point of view of FSR, as unstable as the cells lying along the slopes. Actually the slope cells are
probably more prone to fail than those on the alluvial plain. The susceptibility index represents
roughly the percentage of times that a cell is intersected by an unstable sliding surface, related to
the total number of sliding surfaces that randomly pass under the same cell. In our opinion this
index increases our ability to distinguish between stable and landslide-prone areas. The indices for
shallow and deep-seated landslide susceptibility are derived varying randomly the cohesion in the
range from c90 to c98 (Tables 4 and 5). In order to allow a comparison with the infinite slope stability model, where random sliding surfaces do not apply, we perform 100 infinite slope stability
model runs for each pixel, varying the cohesion in a controlled manner between c90 and c98.
The obtained layers are shown in Fig. 12. Inspection of the three subfigures (Fig. 12A–C) reveals
that the predicted distribution of potentially unstable areas correlates reasonably well with the
known (mapped) slope failures. The quality of the model results is quantified using ROC (Receiver
Operating Characteristic) curves, indicating the degree to which the distribution of a binary target
variable (in this case, raster cells with observed landslides are set to 1, all other raster cells are set
to 0) is explained by a predictor variable (in this case, the landslide susceptibility index).
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Fig. 12. A first attempt to quantify the landslide susceptibility (A) for shallow landslides, (B) with
the infinite slope stability model for shallow landslides, and (C) for deep-seated landslides (model
runs 4, 8 in Table 5). The insets show in detail a 3.1 km² subsection of the Collazzone area.

Fig. 13. ROC plots relating the landslide susceptibility indices for shallow and deep-seated landslides to the mapped landslides (Fig. 6D). See text for detailed explanation, AUC = Area under
ROC curve.
The true positive rate (fraction of TP predictions out of all positive observations) is plotted against
the false positive rate (fraction of FP predictions out of the negative observations) at certain
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threshold levels, i.e., a straight diagonal line would represent a random distribution (Fig. 13). For
shallow landslides, the r.rotstab model yields an area under the ROC curve (AUC) of 0.675 (1
would represent an exact correspondence of prediction and observation), whilst the infinite slope
stability model yields an AUC value of 0.609. For deep-seated landslides the values are lower but
still significantly higher than 0.5, which would indicate a random prediction. Interestingly, there
is no substantial difference in the quality of the prediction whether using the entire areas of deepseated landslides as reference (AUC = 0.597) or only the scarps (AUC = 0.592). The higher value in
the case of shallow landslides most likely reflects the less significant uncertainties of the geotechnical conditions, compared to deep-seated landslides where the lithostratigraphic settings, not
considered by the r.rotstab model, come into play. The prediction quality slightly improves when
introducing a certain amount of fuzziness: here, wFS is interpolated linearly between 1 and 0 for

FSR between a lower threshold FSlt = 0.8 and an upper threshold FSut = 1.2. As a result AUC increases to 0.703 (r.rotstab) and 0.647 (infinite slope stability model) for shallow landslides, 0.613
for deep-seated landslides with scarps as reference, and 0.632 for deep-seated landslides with entire landslides as reference.

7 Discussion
We presented a GIS-based, three-dimensional slope stability model building on ellipsoidal slip
surfaces. An algorithm to account for the seepage force was added to the revised Hovland (1977)
model proposed by Xie et al. (2003, 2004b,c, 2006). We tested the new model in the Collazzone
area, Umbria, central Italy. Exploiting slip surfaces truncated at a depth of 1.3 m (the maximum
depth of disturbed soil), the model successfully predicted the distribution of the observed shallow
landslides (Figs. 8 and 12A). As expected for shallow landslides, the minimum values of FSR are
similar to the FSI values computed using an infinite slope stability model. However, the potentially
unstable areas designated by the r.rotstab model are in general more extended as steep slope portions influence FSR values for adjacent areas, depending on the size of the considered ellipsoids.
Further, small-scale variations of the topography are smoothed out. We observe shallow landslides
in the Collazzone area involving both steep slopes and adjacent less steep areas where less steep
portions are predicted as landslide by r.rotstab and as non-landslide by the infinite slope stability
model (insets of Figs. 8 and 9). The reasons for this observation, however, may be manifold. Besides the topographic and geotechnical components, slope hydrology, particularly in combination
with the interface between different lithologies, is most likely involved. In-detail field studies are
required in order to shed light on this phenomenon.
In the present study, landslides with the slip surface located at the bottom of the zone disturbed
by agricultural activity (D = 1.3 m) are regarded as shallow. We note that, employing the ratio L/D
= 25 (Milledge et al., 2012) as threshold between shallow and deep-seated landslides, such landslides should be >32.5 m long in order to be shallow. Even though this criterion is fulfilled for
many “shallow” landslides in the Collazzone area and not relevant for the ellipsoid-based slope
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stability computation, it has to be considered that the results of the infinite slope stability model
are not necessarily meaningful for smaller landslides.
Using c90 (Tables 4 and 5), both the three-dimensional model and the infinite slope stability model
result in a significant value of FP (i.e., raster cells with no observed landslides predicted as unstable by the r.rotstab model). These areas are (i) likely to be affected by future landslides, or (ii) erroneous predictions due to insufficient information on the model parameters or conditions not
considered by the model. Tuning the geotechnical parameters towards a lower value of FP can
only be done at the cost of an increased value of FN, which are certainly erroneous model predictions (Fig. 8; Table 7). High FP values in general are not necessarily an indicator for an insufficient
model performance: the landslide inventory used for validation, even though being very detailed,
only covers a short period on geological time scales and should therefore be seen as incomplete.
Small FP values would rather indicate an overfitting, with negative effects for the predictive capacity of the model. The susceptibility index proves effective in order to predict stable and unstable cells and, among the predicted unstable cells, allows highlighting those with higher failure
probability.
Further, the susceptibility index clearly suggests a higher performance of the r.rotstab model than
of the infinite slope stability model for shallow landslides (Fig. 13). The interpretation of this fact
requires some care as (i) the way the indices are computed are not fully comparable and (ii) as
soon as a certain degree of fuzziness is introduced, AUC for the infinite slope stability model
shows a more pronounced increase than AUC for the results of the r.rotstab model. The fuzziness
may to some extent mimic the larger areas designated unstable by the r.rotstab model. However,
as long as the assumption that the quality of the model results suffers more from FN than from FP
holds, there is strong evidence that the r.rotstab model outperforms the infinite slope stability
model for shallow landslides, at least under the conditions given in the Collazzone area.
The model performance suffers from insufficient knowledge on the geotechnical and hydrogeological conditions, and particularly on their spatial distribution in three dimensions. This problem
is more pronounced for deep-seated landslides reaching a maximum depth of approx. 20 m in the
Collazzone area (Figs. 11 and 12C; Table 7). The distribution of the observed deep-seated landslides is likely to be conditioned by factors not accounted for in the model. Since r.rotstab is designed specifically for this type of landslide, one of the main future tasks will be to explore further
key parameters influencing the deep-seated slope stability such as the orientation and dip of the
bedding plane that significantly influences slope stability in the Collazzone area (Santangelo et al.,
2012). A second key modification for improving the prediction rate will be to refine the
knowledge on the spatial (particularly vertical) structure of the regolith parameters.
Moreover r.rotstab does not fully integrate the role of the infiltration processes. Instead we have
assumed a fully saturated condition for the entire study area. Hence this approach neither considers local infiltration conditions nor the lateral redistribution of water (e.g., by subsurface flow),
related for instance to flow convergence phenomena that could better explain the spatial landslide
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distribution. We acknowledge that the integration of a distributed infiltration component would
strongly improve the model in terms of being more effective in highlighting local hydrological
conditions governing slope instability phenomena, given that the required additional data are
available at the appropriate scale.
Finally, as shown in Fig. 3C and Table 6, the raster cell size applied for the computation exerts a
significant influence on the model results. It is not the DEM resolution limiting the raster cell size
(the ellipsoids can be resolved at a finer level as the DEM), but the available computational resources. A future adaptation of r.rotstab towards the capacity of parallel computing will therefore
be given high priority. Whilst the raster cell size of 5×5 m chosen for the present study is hardly
acceptable for the interpretation of the model results on the basis of single slip surfaces, the results
on a raster cell basis correspond reasonably well to – and are in general more conservative than –
those yielded with a cell size of 1×1 m. The validity of these findings is not general, but restricted
to the parameter settings imposed on the comparative study presented.

8 Conclusions
A new GRASS GIS implementation of a three-dimensional slope stability model capable of dealing
with shallow and deep-seated slope failures, r.rotstab, was tested in the Collazzone area, Umbria,
central Italy. The spatial distribution of FSR was computed for three different assumptions of the
uncertain regolith cohesion. With increasing cohesion values fed into the model, the total rate of
true predictions increases from 54.7–81.2% for shallow landslides, and from 58.5–87.4% for deepseated landslides. At the same time, the rate of true landslide predictions decreases from 80.2–
19.9% for shallow landslides, and from 64.3–3.6% for deep-seated landslides. We consider the
conservative setting more useful for landslide susceptibility mapping even though the associated
total true prediction rate is lower than for the less conservative settings. We further presented a
landslide susceptibility index combining the different parameter assumptions into one model run.
It performs reasonably well in identifying areas susceptible to landslides, but its interpretation
works in a less straightforward way than the interpretation of FS. Considering all indicators, we
carefully conclude that the r.rotstab model outperforms the infinite slope stability model for shallow landslides. However, considerable trade-offs between different indicators of model quality
were documented. Finally, we underlined the necessity (i) to improve the knowledge on the spatial distribution of the geotechnical parameters in the Collazzone area, (ii) to include a hydraulic
component into the r.rotstab model, and (iii) to make the model ready for parallel computing.
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Appendix – Coordinate transformation and derivation of elevation of
ellipsoid bottom
In order to derive the z coordinate of the ellipsoid bottom for each pair of x and y, the coordinate
system is first transformed in the way that the x’’ axis follows the ae axis of the ellipsoid, the y’’
axis (which is identical to the y’ axis) follows the be axis of the ellipsoid and the centre corresponds
with the centre of the ellipsoid (Fig. 3):

x ' = ( x − xc ) cos α + ( y − yc ) sin α , x' ' =

x'
,
cos β

y ' = ( y − yc ) cos α − ( x − xc ) sin α ,

(A1)
(A2)

where the centre of the ellipsoid is defined by xc and yc, α is the main inclination direction of the
ellipsoid and β is the main inclination of the ellipsoid (inclination of the x’’ axis along the x’ axis;
Fig. 3). Note that x’’ according to Eq. (A1) is only valid for z’’ = 0.
Second, the bottom z’’ coordinate for each pair of x and y is determined. x’’ and y’’ are needed for
solving the ellipsoid equation (Fig. A1):

(x' '+ ∆x' ')2
a e2

+

y' ' 2
∆x' ' 2
+
= 1,
βe2 c e2 (tan β )2

(A3)

Rearranging Eq. (A3) leads to the quadratic equation
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e
 e

2
2

∆x' ' 2 +2 x' ' ∆x' '+ ∆x' ' + y ' ' − 1 = 0 ,

a e2
a e2
be2


(A4)

Eq. (A4) is then solved for the unknown Δx’’ (Fig. A1). As we are interested in the bottom of the
ellipsoid, the lower value out of the two solutions of Eq. (A4) is always relevant:
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(A5)

(A6)

where z’’ is transformed back into the z coordinate of the GIS coordinate system:
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z = zc +

(z ' '− x' sin β ) ,
cos β

(A7)

with zc (m) being the elevation of the centre of the ellipsoid in the GIS coordinate system.

Fig. A1. Longitudinal section through an arbitrary ellipsoid illustrating the computation of the z
coordinate of the ellipsoid bottom (Eqs. A3–A7).
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Abstract
The article deals with the generation of gridded regional-scale precipitation maps for the
39,600 km² Tyrol Region (Eastern Alps) characterized by high-mountainous terrain. We consider
mean annual and seasonal precipitation 1961–1990. The input data are collected from 533 rain
gauges. In order to strengthen the sparse high-elevation data network, the precipitation at the
equilibrium line altitude (ELA) of Austrian and Italian glaciers is calculated using an empirical
temperature-precipitation relationship. For the interpolation from data points to grid cells we develop and apply the algorithm gradgrid4, combining GRASS GIS and R functions. The computation of mean annual precipitation for each cell includes (1) calculating local averages of precipitation and elevation, (2) calculating the local vertical precipitation gradient, (3) combination of the
results of (1) and (2) to a precipitation map at a cell size of 250 m. Mean seasonal precipitation is
computed from the percentage of mean annual precipitation for each season. Withholding 10% of
the data points, the modelled mean annual precipitation for 86.1% of the withheld data points
ranges within ±20% of the observed values. We conclude that gradgrid4 is highly suitable for regional-scale gridded precipitation mapping in mountain areas, given a sufficiently dense network
of high-elevation data points.

Alps; Equilibrium Line Altitude (ELA); Open Source GIS; Precipitation; Spatial interpolation
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1 Introduction
Mountain areas frequently serve as water reservoirs, therefore playing an essential role for economic activities in the valleys and forelands as a source of drinking water or for the irrigation of
farmland. The balance between the components of the water budget strongly depends on the climatic regime (Viviroli and Weingartner, 2004; Hagg and Braun, 2005). Even though reservoirs
such as glaciers or snow play a more or less important role for the regime of the river discharge, it
is always precipitation feeding water into the system, whether as rainfall or as snowfall. Precipitation is usually quantified by the catch of rain gauges, representing more or less accurate figures for
a specific set of coordinates. Variable densities of existing networks of gauges result in extended
zones void of information. Precipitation in mountain regions is particularly difficult to measure
and accurate estimates of precipitation sums at a coarse spatial scale are rare.
Techniques such as Thiessen (1911) polygons or isohyetal methods have a long tradition for interpolating various climatic variables from the point to the space. A particular challenge is the interpolation of precipitation measured at rain gauges to gridded datasets, particularly in mountainous
areas. The interpolation of points to gridded datasets with methods such as multiquadric analysis,
inverse distance weighted methods (Shepard, 1968), spline or geostatistical methods (kriging) has
become attractive with the emergence of computers. They were, and are still, used for the analysis
of daily precipitation fields (e.g., Shaw and Lynn, 1972; Shearman and Salter, 1975; Bussières and
Hogg, 1989; Borga and Vizzaccaro, 1997; Frei and Schär, 1998, Hutchinson, 1998a), for integrating
different time scales (Dirks et al., 1998), or for generating (mean) monthly or annual precipitation
grids at coarse spatial scales, such as those presented by Frei and Schär (1998) for the European
Alps or by Rajeevan and Bhate (2008) for India. Those methods provide reliable results for topographically uniform and plane areas with limited spatial variation of precipitation and relatively
even distribution of the rain gauges. In contrast, precipitation in mountainous terrain is highly
variable over short horizontal distances (Baumgartner et al., 1983). It commonly displays a strong
positive relationship with elevation (e.g., Hevesi et al., 1992; Sevruk, 1997) on the climatological
time scale (100 – 101 years and more), but not necessarily for single precipitation events. The distribution of rain gauges is usually quite uneven and spatially biased, characterized by a high concentration in the valleys and a low concentration at high elevations. For mountain areas, the application of simple interpolation algorithms such as spline or inverse distance weighted methods is
insufficient. Hence, manual interpolation based on expert knowledge was traditionally used to
draw precipitation maps for high-mountain regions such as the European Alps (e.g., Steinhauser,
1955; Fliri, 1974, 1975, 1984). With the emergence of Geographic Information Systems (GIS) and
the availability of grid-based digital elevation models (DEM s), the use of these tools and datasets
in

combination

with

geostatistical

approaches

has

gained

considerable

popularity

(Mitasova et al., 1995; Goovaerts, 2000) for producing gridded maps of precipitation and other
climatic variables. Cokriging, a multivariate extension to the ordinary kriging, can be used to incorporate a predictor – here, elevation – and is often used for producing gridded datasets of (mean)
monthly or annual precipitation datasets (e.g., Hevesi et al., 1992; Martínez-Cob, 1996). Other
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possibilities are kriging with an external drift (e.g., Lloyd, 2005), kriging with a locally varying
mean (e.g., Lloyd, 2005), polynomial regression (Goodale et al., 1998), multivariate spline techniques (applied also for daily precipitation e.g., Hutchinson et al., 1998b, 2009; Jeffrey et al., 2001;
Hofierka et al., 2002) or a multivariate extension of the inverse distance weighted method (Modallaldoust et al., 2008).The most straightforward way to relate precipitation and elevation is simple
linear regression. This approach, however, requires a strong precipitation-elevation relationship
(Goovaerts, 2000) and neglects horizontal variations. The PRISM Algorithm (Precipitationelevation Regression on Independent Slopes Model; Daly and Neilson, 1992; Daly et al., 1994,
2003, 2008; Schwarb, 2001; Efthymiadis et al., 2006) makes use of a local regression approach in
order to overcome these problems.
The spatial scale of gridded precipitation maps varies over several orders of magnitude. Whilst
some authors have produced maps at sub-continental scales (Rajeevan and Bhate, 2008 for India
with approximately 55 km cell size; Hutchinson et al., 2009 for Canada with approx.. 9 km cell
size), others have focused on comparatively small areas such as Norfolk Island (Dirks et al., 1998;
35 km² at 187 m cell size). Most studies use a cell size in the range of 0.5 – 5 km.
A number of studies was conducted comparing various interpolation methods with and without
incorporating elevation, both for monthly, annual and mean annual precipitation sums (e.g.,
Goovaerts, 2000; Vicente-Serrano et al., 2003; Lloyd, 2005) and for hourly and daily precipitation
(Borga and Vizzaccaro, 1997; Tobin et al., 2011). The suitable method strongly depends on the
characteristics of the study area (Daly, 2006), but also on the density of the data points (Borga and
Vizzaccaro, 1997; Dirks et al., 1998). Furthermore, also other factors than elevation such as coastal
effects may play a prominent role, depending on the scale of observation (Daly, 2006). Perry and
Hollis (2005) have accounted for this fact by using a combination of multiple regression and inverse distance weighted interpolation. Considering climatological time scales in areas without
coastal effects, Daly (2006) concludes that most interpolation techniques can handle the precipitation patterns for topographically uniform areas whilst it would be appropriate to account only for
elevation effects in mountainous areas.
Some authors have produced grid-based precipitation climatologies of the European Alps, most
recently Frei and Schär (1998), Schwarb (2001) and Isotta et al. (2013). These studies cover the
entire Alps including their forelands (largely corresponding to the Greater Alpine Region as defined by Böhm et al., 2009), based on datasets from > 5000 gauges. The results of Schwarb (2001)
were also used for the isoline maps in the Hydrological Atlas of Switzerland (Schwarb et al., 2001).
Frei and Schär (1998) used a grid with 24 km spacing and interpolated the daily rain gauge values
to grid point values, employing a modified version of the SYMAP Algorithm (Shepard, 1968,
1984). All gauges within a distance of one mesh width were included in the calculation for each
grid point. If less than four stations were located within that radius the distance was extended for
one more mesh width. This procedure was repeated until at least four gauges were included. The
value from each gauge was weighted according to its distance to the grid point and to the spatial
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clustering of gauges. The grid point was considered to have no data if the search radius was four
times the mesh width and the number of stations included was still less than four. The resulting
maps were then aggregated to mean seasonal and annual sums. The method of Frei and Schär
(1998) does not take any elevation gradients into account. Isotta et al. (2013) used a grid spacing of
5 km, combining the concept of Frei and Schär (1998) with the work of Schwarb (2001).
Schwarb (2001) worked on a finer grid with a resolution of 2.5 km. He applied the PRISM Algorithm (Daly and Neilson, 1992; Daly et al., 1994) for interpolating various climatological variables.
The selection of data points (e.g., rain gauges) to be used for each grid point is more sophisticated
than in the case of the SYMAP Algorithm. A set of various parameters can be used for weighing
the values of the data points. Then, a local weighted linear regression is performed. Schwarb
(2001) used seven different parameters for weighing, e.g., the distance from the grid point, the
elevation difference, and the clustering of the meteorological stations. Elevation served as the predictor variable and mean seasonal and annual precipitation sums as the target variables. Grid point
precipitation was determined according to the regression function and the elevation of the grid
point. Even though this approach is considered more suitable for mountainous terrain than the
method applied by Frei and Schär (1998), the general patterns indicated by the two maps are quite
similar. However, apart from the finer resolution, the map of Schwarb (2001) and the precipitation
map in Schwarb et al. (2001) show higher precipitation sums at high elevation compared to the
map of Frei and Schär (1998).
Loibl and Schwarz (2001) chose a different approach for their precipitation map of Austria. Arguing that regression models were not useful due to their inability to account for important mediumscale phenomena, they used an artificial neural network including nine different predictors (e.g.,
elevation, exposure to the prevailing winds, distance to the Alpine Main Ridge and continentality).
Except for the manually drawn maps of Fliri (1974, 1975, 1984) and the maps of Frei and Schär
(1998), Schwarb et al. (2001) and Isotta et al. (2013) at rather coarse spatial scales, no spatially continuous precipitation datasets are available for the Tyrol Region (Fig. 1). The objectives of the present study are:
1. to fill this gap as part of a water budget estimation for the Tyrol Region;
2. to develop reliable maps of mean annual and seasonal precipitation for the Tyrol Region,
valid for the period 1961–1990, which can be interactively used online. The gridded precipitation datasets are provided at a spatial resolution of 250 m and are part of the digital
Tirol Atlas (Geographie Innsbruck, 2001–2007).
3. to develop a suitable interpolation algorithm fully based on Open Source tools.
Next, we present the study area, the Tyrol Region (Chapter 2) and the data used (Chapter 3).
Then, the algorithm gradgrid4, developed for the purpose of the present study, is introduced
(Chapter 4). The results are outlined in Chapter 5 and discussed in Chapter 6. The conclusions
(Chapter 7) summarize the key messages of the work.
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2 Study area
The study area includes the Austrian province of Tyrol and the Italian autonomous province Bozen - Südtirol (Bolzano – Alto Adige, in Italian). These two provinces are summarized as the Tyrol
Region. Furthermore, a buffer zone comprising the adjacent parts of Germany, Austria, Northern
Italy and Switzerland is included. In total, the study area covers 39,600 km². Fig. 1 shows its main
geographic features along with the names of the locations referred to in the text.
The entire study area, excluding its northernmost edge, is located within the European Alps and
therefore characterized by a pronounced relief. The major mountain ranges are glacierized and
exceed an elevation of 3500 m a.s.l., with a maximum of 3905 m.

Fig. 1. Study area with place names mentioned in the text. Bavaria is a German province, Vorarlberg, (North and East) Tyrol, Salzburg and Carinthia are Austrian provinces, Sondrio, Trentino,
South Tyrol (Alto Adige), Belluno and Udine are Italian provinces.

3 Data
3.1 Digital Elevation Model (DEM)
For this study we use the SRTM V4 DEM (Jarvis et al., 2008). It is based on the Shuttle Radar
Topographic Mission (SRTM) conducted in 2000. The version V4 consists of gap-filled 5x5° tiles at
a cell size of three arc seconds (corresponding to approx. 90 m at the equator), available between
60° north and 60° south. Here, the DEM is resampled to 250 m.

3.2 Precipitation at rain gauges
Data from precipitation gauges are collected on a monthly basis (Fig. 2). The lengths of the series
range from a few years to >30 years.
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Fig. 2. Types and distribution of data points used.

Fig. 3. Vertical distribution of the rain gauges used in the study.
30 year averages from the period 1961–1990 are largely used for the study, excluding records
shorter than 20 years. At the end, data from 533 gauges are used. Measured annual precipitation
sums range from 460 – 3101 mm, averaging at 1291 mm. The highest rain gauge is located at
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3315 m a.s.l., the lowest at 70 m a.s.l. (average: 983 m a.s.l.). The vertical distribution of rain gauges used for the present study is illustrated in Fig. 3. Only rain gauge data from quality-controlled
official sources are used. Therefore we do not check the data for their homogeneity, nor do we
attempt to account for the undercatch.

3.3 Precipitation at the equilibrium line of glaciers
Precipitation mapping in mountain areas such as the Tyrol Region suffers from a severe lack of
reliable high-elevation data (see Fig. 3). Above the permanently settled area the network of rain
gauges is extremely thin, and precipitation is hard to measure at locations of strong winds or with
a high incidence of snow fall (Auer, 1996; Auer et al., 2002), in particular above the timberline.
There, small scale precipitation variability is generally high and controlled by the alpine microrelief.
Indirect data on high-elevation precipitation can be derived from glacier mass balances, as recently demonstrated by Engelhardt et al. (2012) for Norway. Glacier data allow a rather reliable estimate of precipitation at the catchment scale (Kerschner and Ivy-Ochs, 2007) and on a climatological time scale. Using glacier data enables us to avoid using vertical precipitation gradients for estimating high-elevation precipitation sums. A particularly useful starting point is the equilibrium
line altitude (ELA) of glaciers, which can be described with the help of meteorological variables
(Lie et al., 2003a, 2003b). At the ELA, accumulation exactly balances ablation. On glaciers in the
Alps, accumulation can be parameterized by annual precipitation totals, whilst ablation as a function of the energy balance can be parameterized by summer temperature (Kuhn, 1981, 1989). For
our study we estimate precipitation at the ELA using the empirical precipitation-temperaturerelationship ((P,T) Model) at the ELA of glaciers obtained by Ohmura et al. (1992). From a global
set of mass balance and climate data, Ohmura et al. (1992) describe the relationship between the
summer temperature of the free atmosphere at the ELA and the annual precipitation sum at the
ELA (m) as:

Pa ,OKF = 645 + 296Ts ,OKF + 9Ts2,OKF ,

Eq. (1)

where Pa,OKF is the computed mean annual precipitation (mm) at the ELA and Ts,OKF (°C) is the
summer temperature (June to August) at the ELA in the (P,T) Model. The subscript OKF is added
as the values have to be corrected for use in the present study (see Eqs. 2 and 4). The confidence
interval given by Ohmura et al. (1992) is ± 200 mm.
For reasons unknown, the summer temperature values used by Ohmura et al. (1992) for glaciers in
the Eastern Alps are 0.5°C higher than the summer temperatures at the same elevation as calculated from official climate data for 1961–90. Hence, for consistency with Eq. (1), our climatological
summer temperatures have to be increased by 0.5°C:

Ts ,OKF = Ts + 0.5 ,
where Ts is the climatological summer temperature for the period 1961–90.

Eq. (2)
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For the Austrian part of the study area, the ELAs of the glaciers are taken from the Austrian Glacier Inventory (Gross, 1983). The data set is based on air photographs from 1969. For South Tyrol,
steady-state ELAs were determined from topographic maps from around the year 1970 with an
accumulation area ratio of 0.67 (Gross et al., 1977). These datasets are particularly suitable as they
were obtained in a period when the glaciers in the Tyrol Region were near equilibrium (Patzelt,
1985). Eq. (1) should not be used if the ELA is determined from maps of glaciers which are in massive disequilibrium with climate.
In order to avoid an over-representation of glacier-supported data points, sets of adjacent small
glaciers are aggregated by computing local averages of the ELA and the glacier coordinates, each
weighted by the glacier surface (see Fig. 2). Glaciers clearly dominated by local site factors (e.g.,
extreme shading from neighbouring mountains) are excluded. Thus, a spatial data density comparable to that of the rain gauges is achieved.
A set of available high-elevation temperature data is compiled in order to compute the summer
temperature at the ELA of the glaciers. Using only stations with 30 year series (1961–1990), the
average values for summer temperature are plotted against elevation as

Ts = 20.442 − 0.0063z (R² = 0.979),

Eq. (3)

where Ts is the average summer temperature (June–August) and z is the elevation. The maximum
error of Pa,OKF expected from the combination of Eq. (1) and Eq. (3) is approx. ±250 – 300 mm.
Comparing measured precipitation at selected glaciers in the study area with the results from the
model by Ohmura et al. (1992) gives a corrected annual precipitation of

Pa = 0.95Pa ,OKF + 5 .

Eq. (4)

It should be noted that this correction – consisting in a regression of measured precipitation at the
ELA of selected glaciers and precipitation computed according to Eq. (1) – does not change the
overall pattern at all. Following this method, 225 data points are constructed at the ELAs of glaciers (see Fig. 2) in the highest parts of the study area.

3.4 Precipitation calculated by vertical gradients
Neither glacier data nor high elevation rain gauge data are available for some small areas in the
Central and Southern Alps, most notably near Livigno and in the province of Belluno at the
southern margin of the study area. Adjacent low-elevation gauges and vertical precipitation gradients are used for constructing a number of high-elevation data points in order to strengthen the
data network. The precipitation gradients are taken from Sevruk (1997). In the province of Belluno, a precipitation gradient of 23 mm per 100 m is used, according to the value derived for the
climatically similar canton of Ticino in Switzerland, whilst the gradient of 44 mm per 100 m obtained for Grisons (Switzerland) is used for the adjacent Livigno Valley. 7 data points were con-
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structed in this way (see Fig. 2). The total dataset (rain gauges + ELAs + vertical gradients) for our
study area includes 765 data points with an average density of 1 point per 63.3 km².

4 The interpolation algorithm gradgrid4
4.1 General model design
The algorithm gradgrid4 is a tool for the interpolation of arbitrary point values to raster maps by
using their relationship to a gridded predictor variable, following a local regression approach. The
algorithm combines new concepts with ideas taken from the SYMAP and PRISM algorithms (see
Chapter 2). It builds on the following steps:
1. Local averaging (see Chapter 4.2): For each grid point, weighted averages of the mean annual precipitation sum and the elevation are computed from a subset of the data points.
2. Local vertical precipitation gradients (see Chapter 4.3): vertical gradients are computed for
each grid point, based on another, larger subset of the data. Considering the vertical gradients independently from the averages and with different datasets allows for a high flexibility in the combination of parameters.
3. Spline interpolation to target resolution (see Chapter 4.4): averages and vertical gradients
are combined and interpolated to a raster cell size (referred to as target resolution) finer
than the grid resolution.
The work flow is illustrated in Fig. 4.

Fig. 4. Model design of gradgrid4 as applied in the present study.
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The model builds on the GRASS GIS software (Neteler and Mitasova, 2007; GRASS Development
Team, 2014) and the R Package for Statistical Computing (R Core Team, 2014), both of them distributed under the GNU General Public License and therefore being available as Open Source
software. GRASS GIS was already used for the generation of gridded precipitation maps (function
s.surf.rst; Hofierka et al., 2002). In order to ensure maximum flexibility in the combination of the
programs, the code is organized in a shell script running under UNIX systems. Some operations are
implemented using the programming language Python. The algorithm requires the following input:
1. a data table with the coordinates (x, y), the target variable and the predictor variable for
each data point;
2. the predictor variable as gridded dataset for the entire area under investigation;
3. a parameter file
Here, gradgrid4 is used with precipitation as target variable and with elevation as predictor variable.

4.2 Local averaging
Local averaging builds on the concept of the SYMAP Algorithm (Shepard, 1968, 1984; Frei and
Schär, 1998). For each grid point, weighted averages of the mean annual precipitation sum Pavr and
of the elevation zavr are computed from a subset of the data table. Sub-setting is based on the horizontal distance between the data point and the grid point d, using two criteria – (1) a search radius

r, and (2) a minimum number of data points nmin within r. The values chosen for nmin and the minimum search radius rmin are shown in Table 1. If nmin is not met within rmin the search radius is extended according to the rule r = r + rmin. This procedure is repeated until the number of data points
within the search radius n ≥ nmin. Weighted averaging follows an exponential concept: the weight

w = e-d/r and

 i =n
  i =n
 i =n
  i =n


Pavr =  ∑ e − d r Pi   ∑ e − d r  , z avr =  ∑ e − d r z i   ∑ e − d r  .
 i =1
  i =1
 i =1
  i =1



Eq. (5)

4.3 Local vertical precipitation gradients
Computing the local vertical precipitation gradient ∂P/∂z builds on ideas of the PRISM (Daly and
Neilson, 1992; Daly et al., 1994; Schwarb, 2001) and SYMAP algorithms and is based on the following assumptions:
1. precipitation sums are related to elevation at the spatial and temporal scales considered
(see Chapter 1);
2. this relationship can be approximated by a linear pattern;
3. vertical precipitation gradients always overrule horizontal gradients over short distances of
few kilometres.
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The parameters nmin and rmin can be chosen independently from those applied to the averaging (see
Chapter 4.2) i.e., a different subset of data points can be used. This allows for the use of a larger
subset which may be required for computing significant gradients. In addition, the minimum elevation difference between the lowest and the highest data point within the subset (∆zmin) is introduced as a third criterion in order to avoid insignificant gradients based on stations located at almost the same elevation. Such gradients could distort the model results as small differences in
precipitation at two data points located at almost similar elevation would lead to very steep gradients not observed in reality. However, in areas with little relief this may increase r considerably so
that assumption (3) is not applicable any more. Sub-setting works analogous to the averaging (see
Chapter 4.2). Weights are assigned to the values from the data points according to the rule w = e-d/r
(see Eq. 5), where w is the weight. The vertical precipitation gradient is computed using a
weighted linear least squares model. The lm function of the R software is applied for this purpose.
Besides ∂P/∂z, the significance of the model p and its coefficient of determination R² are returned.

4.4 Spline interpolation to target resolution
The above computations are used for generating grid points with the attributes Pavr, zavr, ∂P/∂z, p,

R², and n and r for average and gradient. The grid spacing applied for each computation is summarized in Table 1. In order to enhance the spatial resolution of the results, the grid points are further interpolated to grids with a spatial resolution of 2000 m and 250 m (referred to as target resolution), using a simple spline function with a tension of 80 (v.to.rst module of GRASS GIS). The
mean annual precipitation sum Pr of each grid point is then computed.

Pr = Pavr + ∂P ∂z (z r − z avr ) ,

Eq. (6)

where zr represents the elevation at the grid point taken from the DEM. The interpolation builds
on the assumption that the variables under investigation are continuous in space.
Table 1. Parameter settings applied to the model.
Setting
S1
S2
S3
S4
S5
S6
S7
S8
S9

Grid spacing

nmin averaging

rmin averaging

nmin gradient

rmin gradient

2000 m

10

5000 m

20

10000 m

5000 m

10

20

10000 m

10000 m

10

20

10000 m

2000 m
2000 m
5000 m
5000 m

10000 m
10000 m

4
6
4
6
4
6

1000 m
2000 m
1000 m
2000 m
5000 m
1000 m
2000 m
5000 m

4

12
4

12
4

12

∆zmin

2000 m

1000 m

2000 m

1000 m

5000 m
5000 m
2000 m
5000 m

1000 m
1000 m
1000 m
1000 m
1000 m
1000 m
1000 m
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4.5 Parameter variation and test of model performance
The model is executed with varying combinations of the parameter setting (grid spacing, nmin and

rmin for averaging and gradient determination) in order to test the influence of the parameters on
model results and performance (see Table 1). Each setting is run once with the entire dataset and
once with a reduced dataset, retaining 100 data points for testing the model performance (test
dataset). Subsetting of the data into a reduced dataset and a test dataset is based on random sampling, not discriminating between different types of data points (gauge, glacier).
The model performance is evaluated in a four-step procedure:
1. Test 1: quality estimates of the regression (p, R²). The performance is expressed as the percentage of grid points with p≤0.05 and R²≥0.5.
2. Test 2: correlation of the modelled and the recorded precipitation at the coordinates of the
data points.
3. Test 3: correlation of the precipitation modelled from the reduced dataset with the precipitation recorded at the coordinates of the test dataset (cross-validation). The performance is expressed as R², as root mean square error (RMSE) and as percentage of data
points where the modelled precipitation does not deviate from the recorded precipitation
by more than 20%.
4. Test 4: visual comparison of the results obtained with gradgrid4 to the results of previous
studies (Fliri, 1974, 1975; Frei and Schär, 1998; Schwarb, 2001; Schwarb et al., 2001).
Test 1, Test 2 and Test 3 are performed for all parameter settings. The setting with the best scores
is then chosen as the final result and exposed to Test 4.

4.6 Mean seasonal precipitation
The data for mean seasonal precipitation are much sparser than those for mean annual precipitation. No glacier-derived data (see Chapter 3.2) are available and high-elevation data are therefore
seriously underrepresented. For this reason, the mean seasonal precipitation is not computed in
the same way as the mean annual precipitation. Instead of seasonal sums, the percentages related
to the annual sum are used. They also undergo elevational changes. The significance of these dependencies, however, is in general much lower as for the mean annual sum (Table 2).
Table 2. Significance p of the precipitation-elevation relationships for the mean annual precipitation and for the percentage of each season.

p

Annual

2.829e-5

Spring

0.0187

Summer

0.000136

Autumn
0.1313

Winter
0.0101

The following procedure is used to compute seasonal precipitation: (1) seasonal percentages are
calculated for the available rain gauges, (2) weighted averages are computed for the percentages of
all seasons in the way described in Chapter 4.2, (3) interpolated to a raster map of the target resolution and (4) multiplied with the annual precipitation Pr at the corresponding raster cell. The sum
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out of all seasons does not necessarily accumulate to exactly 100% for each raster cell. The parameter setting showing the best performance for the mean annual precipitation is applied. The model
performance is tested in a way analogous to the one used for the mean annual precipitation (see
Chapter 4.5).

5 Results
5.1 Mean annual precipitation
Table 3 and Table 4 show the model performance with varying parameter settings. In general, the
model performs better with finer grid spacing and finer target resolution. Variations of nmin and

rmin result in the following observations:
1. Test 1: the level of significance p of the computed gradients increases with increasing
number of stations nmin and increasing search radius rmin, an effect related to the increasing
sample size. R² decreases with increasing nmin and rmin. This effect can largely be assigned
to horizontal precipitation gradients (spatial trends indicating a non-homogeneous precipitation field) becoming apparent for large search radii. Fig. 5 illustrates the spatial distribution of p and R² for Setting 1 (S1) at a target resolution of 250 m. The most robust vertical
precipitation gradients – exceeding R² = 0.9 for some areas – are associated to the vicinity
of the major valleys where the data points used for the regression cover an extensive elevation range.
2. Test 2: the correlation between the data point values and the computed raster values decreases with increasing nmin and rmin – an effect that is most probably connected to the influence of horizontal gradients and was already observed in Test 1. The point cloud and
the trend line for S1 at a target resolution of 250 m are shown in Fig. 6a.
3. Test 3: in general, the model performance decreases with increasing nmin and rmin, but increases with increasing grid spacing. The point cloud and the trend line for S1 at a target
resolution of 250 m are shown in Fig. 6b.
It is decided to use the results yielded with S1 at a target resolution of 250 m as the final precipitation map represented in Fig. 7. The locations of the places mentioned in the following text are
given in Fig. 1.
The map (see Fig. 7) illustrates pronounced variations along a profile across the Alps (Fig. 8). The
expected positive precipitation anomaly due to the exposed position towards moist air masses
coming from the Atlantic Ocean is clearly detected along the northern fringe of the Alps. The
annual precipitation received by the Bregenzerwald and Allgäu Mountains, the Karwendel and
Rofan Mountains as well as the Chiemsee Mountains exceeds 2000 mm. The highest values are
found at the northernmost ridges of these mountain ranges and around the Allgäu Valley – patterns that correspond well to those found by Fliri (1974, 1975) and Schwarb (2001). The valleys of
the Northern Alps show lower sums (1000–1800 mm) compared to the mountains.
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Table 3. Model performance for the different parameter settings at a target resolution of 2000 m.
% p≤0.05 = percentage of area with p≤0.05; % R²≥0.5 = percentage of area with R²≥0.5;
%≤±20% = percentage of data points with ≤±20% difference between observed and modelled mean
annual precipitation.
Setting
S1
S2
S3
S4
S5
S6
S7
S8
S9

Test 1

% p≤0.05

% R²≥0.5

84.6

39.2

57.7
76.1
74.3

%≤±20%

R²

51.2

0.87

93.9

0.73

227.0 mm

79.7

51.0

0.86

93.7

0.75

219.6 mm

79.7

46.5

84.2

38.7

50.4

52.9

70.4

46.1

82.8

Test 3 (ncalc=545, ntest=79)

R²

46.0

54.3

Test 2 (n=624)

38.0

0.84
0.81
0.84
0.80
0.84
0.82
0.80

90.0
89.1
90.4
88.6
92.0
90.0
88.4

0.72
0.70
0.73
0.71
0.76
0.74
0.70

RMSE

%≤±20%

238.2 mm

82.3

230.5 mm
226.7 mm
234.6 mm
209.6 mm
218.9 mm
238.4 mm

84.8
77.2
84.8
81.0
79.7
82.3

Table 4. Model performance for the different parameter settings at a target resolution of 250 m. %
p≤0.05 = percentage of area with p≤0.05; % R²≥0.5 = percentage of area with R²≥0.5;
%≤±20% = percentage of data points with ≤±20% difference between observed and modelled mean
annual precipitation.
Setting
S1
S2
S3
S4
S5
S6
S7
S8
S9

Test 1

% p≤0.05

% R²≥0.5

84.4

38.9

56.6
75.3
54.4
74.3
84.3
50.7
70.7
83.0

Test 2 (n=622)

R²

%≤±20%

0.83

90.2

Test 3 (ncalc=543, ntest=79)

R²

RMSE

%≤±20%

219.2 mm

87.3

50.8

0.91

97.3

0.77

208.6 mm

86.1

51.0

0.90

97.0

0.78

202.1 mm

86.1

45.4
46.6
38.8
52.7
46.1
38.0

0.87
0.87
0.83
0.87
0.86
0.83

94.4
94.1
90.4
95.4
93.8
90.5

0.73
0.75
0.76
0.74
0.79
0.77
0.73

221.6 mm
213.7 mm
219.0 mm
197.9 mm
207.6 mm
223.4 mm

82.3
83.5
83.5
88.6
87.8
83.5

Only a small portion of the southern fringe of the Alps was included in the study, but similar
conditions to those in the north are indicated by the results with moist air masses originating from
the Mediterranean Sea. The rain-shaded interior valleys – the Vinschgau Valley in particular – are
comparatively dry with an annual precipitation around 500 mm (minimum: 400 mm), whilst the
other valleys of South Tyrol and the Upper Inn Valley receive still less than 800 mm. The northern slopes of the Hohe Tauern and the Zillertal Mountains receive mean annual precipitation totals of more than 1600 mm over significant parts of their extent since they are exposed to air mass-
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es from the foreland overflowing the much lower ranges of the Northern Alps. To a lesser extent,
the same is true for the Silvretta Mountains.

Fig. 5. Spatial distribution (a) of the significance p of the vertical precipitation gradient and (b) of
R² of the vertical precipitation gradient, each for S1 with a target resolution of 250 m.

Fig. 6. Correlation of the observed and computed mean annual precipitation (a) with the entire
dataset fed into the model and (b) with the dataset split into a reduced subset for computing and a
test dataset (here, the test dataset is shown). The number of data points is lower than the total
number (n = 765 for (a); n = 100 for (b)) since some data points are located beyond the boundaries
of the study area (see Fig. 2). RMSE = Root mean square error, RMSRE = Root mean square relative error.
The vertical precipitation gradients yielded by gradgrid4 display an unsteady decrease from north
to south (Fig. 9). They are highest in the Northern Alpine Forelands, parts of the Inn Valley and
some spots in the Central Alps, exceeding 80 mm per 100 m in some places. Some of the lowest
values (less than 10 mm per 100 m) are found in the Kitzbühel Mountains and in parts of the Etsch
Valley, but also at some spots within the Hohe Tauern.
The search radii for averaging are lowest in areas with a concentration of glaciers due to the dense
network of ELA data, not exceeding 5 km in some areas of the Silvretta Mountains, the Ötztal
Mountains and the Hohe Tauern. The majority of the Northern Alps and the northern forelands
support search radii of less than 10 km due to dense rain gauge networks. Parts of the Kitzbühel
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Mountains, the Lower Engadine, the Dolomites, and the Carnian Alps as well as the surroundings
of the Etsch Valley south of Bozen have rather sparse data networks, leading to search radii exceeding 20 km in some places.

Fig. 7. Gridded map of the mean annual precipitation computed with gradgrid4 and location of the
profile shown in Fig. 8.

Fig. 8. North-south profile of modelled annual and seasonal precipitation (see Fig. 7 for the position of the profile).
The situation is more complicated with the search radii for regression because they are not only
determined by the density of the data network, but also by the elevation range of the data points.
The radii are therefore highest (more than 50 km in some places) in the Northern Alpine Fore-
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lands where high-elevation data points are far away. In the Central Alps, in contrast, with an
abundance of high- elevation data (particularly glacier data) the radii rarely exceed 12 km and
remain below 10 km over much of the highest zones. In the Northern Alps it is obvious that some
single high- elevation stations (e.g., Zugspitze and Wendelstein) drastically reduce the search radius for the surrounding area (Fig. 10).

Fig. 9. Vertical precipitation gradients as computed with gradgrid4.

Fig. 10. Search radii for the regression.

5.2 Mean seasonal precipitation
Table 5 shows the model performance for spring, summer, autumn and winter precipitation. Due
to the lower number of data points (no glacier data), resulting in a weak representation of high-
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elevation data (see Fig. 3), the level of accuracy is generally lower than for the annual sum. Fig. 11
and Fig. 12 show the precipitation maps for each season. The location of the places mentioned in
the following text is given in Fig. 1.
The percentage of the spring precipitation does not show any clear patterns. In general it is lowest
in the Upper Inn Valley (less than 20% of the annual sum) and highest in the southernmost portion of the study area (higher than 25%). The patterns of the absolute values therefore largely follow those of the annual precipitation.
Table 5. Model performance for each season. %≤±20% = percentage of data points with ≤±20%
difference between observed and modelled mean annual precipitation.
Season

R²

Test 2 (n=316)

%≤±20%

Spring

0.91

96.2

Winter

0.93

91.1

Summer
Autumn

0.92
0.90

97.8
96.8

Test 3 (ncalc=273, ntest=43)
R²

%≤±20%

0.70

86.0

0.78

86.0

0.81

76.7

0.82

90.7

Fig. 11. Mean seasonal precipitation expressed as percentage of the annual precipitation. (a)
Spring; (b) summer; (c) autumn; (d) winter.
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Fig. 12. Mean seasonal precipitation expressed in absolute values. (a) Spring; (b) summer; (c) autumn; (d) winter.
Over the majority of the study area, more than 35% of the annual precipitation occurs during the
summer months. This percentage is significantly lower only in the Southern Alps. It is highest in
the Dolomites and the Ötztal Mountains (coming close to 45% in some regions), whilst it decreases farther east in the Central Alps. Where precipitation fields of Mediterranean low pressure systems approach the Central Alps via the corridors of the Etsch and Piave valleys during the remaining seasons and cause significant precipitation, the percentage of summer precipitation is lower.
This phenomenon explains the negative anomaly in the Texel Mountains north of Meran, displaying patterns rather resembling those observed in the Southern Alps. Where such corridors are
lacking, much of the annual precipitation can be assigned to convective processes during summer,
which are either local phenomena or triggered by cold air masses intruding from the northerly to
westerly sector (Fliri, 1984). The summer precipitation exceeds 700 mm along the northern fringe
of the Alps as well as in the ranges of the Central Alps. In contrast, the Vinschgau Valley hardly
receives more than 200 mm.
The percentage of the autumn precipitation is characterized by a slight, but clear north-southgradient. Whilst only 15–25% of the annual precipitation occurs during autumn in the northern
part of the study area, this value rises to 25% and more in the south. The high share of spring and
autumn precipitation in the Southern Alps may be assigned to the submediterranean influence.
The absolute values of autumn precipitation are highest in the Carnian Alps, the Bregenzerwald
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Mountains and some further spots in the Northern Alps. The inner alpine valleys – the Vinschgau
Valley in particular – are comparatively dry.
The percentage of winter precipitation is extraordinarily low in some areas of the southern Central Alps, not exceeding 10% of the annual sum at some spots. The highest percentages are reached
in the northwestern part of the research area, where 20–25% of the precipitation occurs during
wintertime. This observation reflects that the prevailing westerly winds with cyclones provide
significant precipitation at the northern edge of the Alps all year round, whilst the rain-shaded
inner Alps do not receive convective precipitation, the major source of precipitation there, during
winter. The patterns are very similar in absolute terms.

5.3 Averages and sums of precipitation for selected catchments
Considering the objective of the present work to contribute to a water budget for the Tyrol Region
(see Chapter 1), mean annual precipitation and the percentages of seasonal precipitation are discretized to the major river basins of the study area (see Fig. 1 for the location of the basins). Table 6 summarizes the key results for each river basin with a surface area >1,000 km². The observed
patterns largely reflect those discussed in the Chapters 5.1 and 5.2. With 1,014 mm per year, the
Etsch/Adige Basin receives the lowest amount of precipitation per area whilst those basins located
at the northern and southern rims of the Alps receive the highest amounts (Iller: 1,844 mm). The
Inn Basin, also due to its large area, receives a total of 15.9 km³ of precipitation per year, the highest value in the study area.
Table 6. Averages and sums of mean annual precipitation and percentages of seasonal precipitation
for the main catchments of the study area.
Basin

Area
km²

Inn

11,701

Iller

1,013

Isar

Lech

Rhein

Etsch/Adige
Piave

Tagliamento
Drau

Salzach

2,962
2,223
1,505
9,852
1,764
1,067
3,205
3,284

Mean annual precipitation

Percentage of seasonal precipitation

Average
mm

Sum
km³

Spring

Summer

1,650

3.7

23%
22%

39%

1,362
1,687
1,844
1,653

15.9
5.0
1.9
2.5

1,014

10.0

1,295

4.2

1,286
1,651
1,542

2.3
1.8
5.1

22%
23%
22%
25%
25%
26%
23%
22%

39%
37%
35%
36%
37%
33%
28%
37%
39%

Autumn Winter
21%

18%

21%

21%

20%
21%
21%
25%
27%
30%
25%
21%

18%
20%
20%
13%
15%
17%
15%
19%
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6 Discussion
The Alps serve as a laboratory for spatial precipitation modelling. Despite the low density of highaltitude meteorological stations, the network of rain gauges is dense compared to most other
mountain systems worldwide. Various authors have used these data to produce gridded precipitation maps for the entire Alps or parts thereof (e.g., Frei and Schär, 1998; Loibl and Schwarz, 2001;
Schwarb, 2001), using an array of approaches. The precipitation maps produced with gradgrid4 for
the Tyrol Region differ from these grids in terms of the area covered, the higher spatial resolution
and of the data set used. However, a comparison with regard to the model performance and to the
results yielded is useful for evaluating gradgrid4.
The general precipitation patterns modelled with gradgrid4 correspond well to the results of Fliri
(1975) and Schwarb (2001). They are less well comparable with the results of Frei and Schär
(1998) due to the much higher spatial resolution. A direct quantitative comparison with other
Alpine precipitation climatologies (e.g., Isotta et al., 2013) is impeded by differences in the temporal data coverage. Instead, we use statistical quality indicators to evaluate the performance of
the various models, keeping in mind the limitations due to the different resolutions and geographic regions. Considering Setting 1 (S1; see Table 1) and Test 3, the root mean square error (RMSE) is
208.6 mm with gradgrid4 and 148.8 mm with PRISM (Schwarb, 2001). The root mean square relative error (RMSRE) is 17.8% with gradgrid4 and 11.8% with PRISM. However, such a comparison
is of limited value as Schwarb (2001) performed a jackknife cross-validation, which is supposed to
provide errors intermediate between a cross-validation without replacement performed in the
present study and interpolation using all data points. With gradgrid4, the interpolation using all
data points results in an RMSE of 130.3 mm and an RMSRE of 10.1%, a performance better than
that indicated by the jackknife cross validation with PRISM. We therefore conclude that the errors produced with gradgrid4 are at a level more or less similar to those published by Schwarb
(2001).
Loibl and Schwarz (2001) expressed the accuracy of their results with the R²-values of the regression between the measured and the predicted precipitation. This allows a comparison with the
results produced by gradgrid4 for mean annual and seasonal precipitation. For the annual sum, R²
yielded by Loibl and Schwarz (2001) was 0.68 and therefore clearly lower than the R² resulting
from the gradgrid4 computation (0.77). Regarding the mean seasonal precipitation, the values for

R² in the study of Loibl and Schwarz (2001) were 0.63 (spring), 0.82 (summer), 0.71 (autumn), and
0.75 (winter) – gradgrid4 performs better for spring and winter with R² = 0.78 and 0.81, respectively, and comparable for summer and autumn with R² = 0.82 and 0.70, respectively.
Particularly in the Central Alps, the patterns of the vertical precipitation gradients are hard to
interpret. In the north and the south the values correspond well to the expectations based on the
gradients given by Sevruk (1997). The results for the entire study area show the same general patterns as in the study of Schwarb (2001), but the maxima in the northern forelands are considerably
lower in our study area.
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Considering the fact that neither Schwarb (2001) nor Loibl and Schwarz (2001) used additional
high-elevation data points it can be expected that, in general, the map produced with the gradgrid4 algorithm is closer to the reality.
It shall be noted that, besides uncertainties due to inhomogeneous data and undercatch, the accuracy of the model input – and therefore also the model results – is limited by a maximum error of
approx. ±250 – 300 mm in the statistical relationships of Eqs. (1) and (3). Furthermore, the assumption of elevation as the only predictor variable represents a rough simplification of the reality. Even though there is reason to consider elevation as the dominant factor and this type of simplification is common practice (e.g., Hevesi et al., 1992; Goovaerts, 2000; Schwarb, 2001; VicenteSerrano et al., 2003; Lloyd, 2005; Tobin et al., 2011), the low correlation coefficients shown in
Fig. 5b over much of the study area clearly indicate an influence of other factors. Some authors
have accounted for this fact by including additional predictors in their analyses (Loibl and
Schwarz, 2001; Perry and Hollis, 2005; Daly, 2006). The applicability of certain predictors strongly
depends on the scale of observation (Daly, 2006). The given density of data points in the study
area is too low to support a meaningful local regression with multiple predictors.
The model is applicable not only to precipitation, but also to other climatological variables such as
the duration of snow cover (Vanham et al., 2008).

7 Conclusions
The results of the present study proved to be largely consistent with those of earlier studies and
with the expected climatic characteristics of the study area. Even though the approach cannot
account for the full complexity of precipitation patterns in mountain areas, the model performance in terms of the expected level of accuracy is acceptable for potential applications at the
regional scale:
1. It requires comparatively few data to achieve reasonable results i.e., only the data points
(however, at a density sufficient to capture the key horizontal and vertical precipitation
gradients) and a digital elevation model with a comparatively coarse spatial resolution, the
latter globally available at no cost (SRTM V4; Jarvis et al., 2008). The model performance
is comparable to that of more sophisticated approaches such as PRISM (Schwarb, 2001).
2. It enables the use of independent subsets of data for averaging and the determination of
precipitation gradients. This is particularly useful for situations where larger areas are required to find subsets representing proper gradients. The independence of the two steps
and the general simplicity of the approach improve the transparency of the workflow.
3. It is completely based on Open Source software and distributed for free. Therefore, the
model is available to a broad group of users and suitable for future application in developing countries.
It shall be emphasized that the algorithm is only applicable to mountain areas with a certain density of direct or indirect high-elevation precipitation data points. If these data are missing or if the
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terrain is flat, gradgrid4 will not provide reasonable results. In the case of flat terrain, however, a
simple inverse distant weighted interpolation method should yield sufficiently reasonable results
(Daly, 2006).
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Abstract
GIS-based deterministic models may be used for landslide susceptibility mapping over large areas.
However, such efforts require specific strategies to (i) keep computing time at an acceptable level,
and (ii) parameterize the geotechnical data. We test and optimize the performance of the GISbased, 3D slope stability model r.slope.stability in terms of computing time and model results. The
model was developed as a C- and Python-based raster module of the open source software GRASS
GIS and considers the 3D geometry of the sliding surface. It calculates the factor of safety (FoS)
and the probability of slope failure (Pf) for a number of randomly selected potential slip surfaces,
ellipsoidal or truncated in shape. Model input consists of a DEM, ranges of geotechnical parameter
values derived from laboratory tests, and a range of possible soil depths estimated in the field.
Probability density functions are exploited to assign Pf to each ellipsoid. The model calculates for
each pixel multiple values of FoS and Pf corresponding to different sliding surfaces. The minimum
value of FoS and the maximum value of Pf for each pixel give an estimate of the landslide suscepti-
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bility in the study area. Optionally, r.slope.stability is able to split the study area into a defined
number of tiles, allowing parallel processing of the model on the given area. Focusing on shallow
landslides, we show how multi-core processing allows to reduce computing times by a factor larger than 20 in the study area. We further demonstrate how the number of random slip surfaces and
the sampling of parameters influence the average value of Pf and the capacity of r.slope.stability to
predict the observed patterns of shallow landslides in the 89.5 km² Collazzone area in Umbria,
central Italy.

Landslide, GRASS GIS, Model performance, Multi-core computing, Slope stability model.

1 Introduction
Landslide susceptibility is the spatial probability of landslide occurrence, based on local terrain
conditons (Brabb, 1984; Guzzetti et al., 1999). The susceptibility to landslides can be determined
using statistical and physically-based models (Guzzetti et al., 1999; Van Westen, 2000; Guzzetti,
2006; Van Westen et al., 2006). Most commonly, modelling of the spatial probability of shallow
landslides for small catchments relies upon the use of physically-based (“deterministic”) models
(Van Westen et al., 2006). These models build on the limit equilibrium concept, and assume (i)
slopes consiststing of rigid materials, (ii) a Coulomb (1776) mechanical model for the slope materials applies, and (iii) the possible rupture occurrence along single failure planes i.e., the slip surface.
The factor of safety (Carson and Kirkby, 1972; Crozier, 1986; Duncan and Wright, 2005) of the
failure plane measures the stability/instability conditions of the slope. It is given by the dimensionless ratio between the resisting (stabilizing) forces R, and the driving (destabilizing) forces T,
or

FoS =

R
T.

(Eq. 1)

Where FoS > 1, the slope is considered stable. FoS = 1 represents meta-stable conditions, and FoS <
1 corresponds to unrealistic physical conditions where the driving forcess exceed the resisting
forces, and is taken to indicate an unstable slope (Raia et al., 2014).
The infinite slope stability model is commonly used when applying the limit equilibrium concept
in a raster Geographical Information system (GIS). This simple approach is often coupled with
more or less complex hydraulic and infiltration models. The latter are used to predict the location
and timing of failures in an area in response to precipitation (Montgomery and Dietrich, 1994;
Pack et al., 1998; Wilkinson et al., 2002; Xie et al., 2004a; Godt et al., 2008; Muntohar and Liao,
2010; Raia et al., 2014). Raia et al. (2014) have proposed a probabilistic modification of TRIGRS
(Baum et al., 2002, 2008, 2010), where probability distributions for the required geotechnical and
hydraulic parameters are used as the input variables, and a probabilistic interpretation of the results of the calculations of the spatially-distributed values of FoS is suggested.
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The infinite slope stability model assumes a planar slope of infinite length, with the potential failure plane parallel to the topographic surface. In a raster GIS, calculation of FoS for each individual
pixel is straightforward. The forces acting between the pixels are ignored since the failure is assumed to be infinitely wide and long. This has facilitated the widespread application of this type of
model (Van Westen and Terlien, 1996; Burton and Bathurst, 1998; Xie et al., 2004a; Baum et al.,
2008; Godt et al., 2008; Raia et al., 2014). However, the infinite slope stability model is well suited
only for shallow slope stability in frictional materials, and is less appropriate for cohesive materials
(Mergili et al., 2014). Further, the infinite slope stability model fails to capture the complexity of
deep-seated and complex landslides. Milledge et al. (2012) determined that the infinite length
assumption is always reasonable for landslides with a length-to-depth ratio L/D > 25, whereas
Griffiths et al. (2011) give a threshold L/D = 16.
Shallow slope failures coexist locally with deep-seated mass movements (Guzzetti et al., 2004,
2006a; Z

ȇzere
et al., 2005). To evaluate the stability/instability conditions of slopes susceptible to

deep-seated landslides, more complex limit equilibrium models should be used. Such models were
developed and are applied commonly to two-dimensional cross sections drawn along the steepest
terrain gradient (Duncan and Wright, 2005). The zone above a known, inferred, or hypothetical
failure plane is divided into vertical slices of equal or different sizes. R and T are computed for
each slice, and summed up linearly to obtain a single value of FoS for the entire slope. Most commonly, the forces acting between the slices are neglected (Fellenius, 1927). In many cases, this
simplification leads to a lower value of FoS (Kolymbas, 2007). Fellenius (1927), Bishop (1954),
Janbu et al. (1956), and Morgenstern and Price (1967) have proposed different schemes to calculate the FoS along pre-defined slope profiles and associated failure planes. Later, this type of model
was extended to 3D topographies and failure planes (e.g., Hovland, 1977; Hungr, 1987;
Hungr et al., 1989).
Specific software packages were designed to test multiple 3D failure planes, searching for the lowest FoS value e.g., CLARA (Hungr, 1988), TSLOPE3 (Pyke, 1991), or 3D-SLOPE (Lam and Fredlund, 1993). The different software were designed to model individual slopes, or portions of a
slope, and cannot be used effectively for a broad-scale (regional) analysis of the slope stability
conditions. Commonly, one refers to large areas when hundreds of millions of pixels have to be
processed. With regard to 3D slope stability modelling, we consider any area larger than a single
slope as a large area. Few attempts were made to develop sliding surface models applicable at the
regional scale, coupled to GIS (Reid et al., 2000; Xie et al., 2003, 2004b, 2004c, 2006; Marchesini et al., 2009; Jia et al., 2012). A recent study of Mergili et al. (2014) indicates that, also for
shallow landslides, more complex slip surface models might perform slightly better in reproducing
the observed landslide areas than the infinite slope stability model.
The GIS implementation of limit equilibrium models more complex than the simple infinite slope
stability model remains challenging. At the regional scale, a very large number of possible slip
surfaces has to be tested, using a reasonably fine pixel spacing. For the purpose, efficient computing strategies are needed to avoid unacceptably long computing times. In this work, we propose
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an implementation of a 3D sliding surface model where the study area is partitioned into overlapping tiles, processed in parallel on a multi-core computer. For our experiment, we use the model
r.slope.stability, a further development of r.rotstab (Mergili et al., 2014), to demonstrate strategies
to optimize model performance in terms of computing time and of the quality of the model results.
r.slope.stability was implemented as a raster module of the open source software package
GRASS GIS (Neteler and Mitasova, 2007; GRASS Development Team, 2014). GRASS GIS is well
suitable for the task due to its open structure, modular design, and the compatibility with various
programming languages. Further, GRASS GIS is frequently used as the basis for GIS-based models
related to mass movements (Mergili et al., 2012a, b, 2014; Gruber and Mergili, 2013). Our parallel
implementation is performed at the Python level, whereas the core of the model is written in C.
The model code and a user manual can be obtained from the model’s web site
http://www.slopestability.org.
In the following sections, we first introduce the 3D (strictly speaking, 2.5D, as the vertical dimension is represented by attributes, not by coordinates) slope stability model r.slope.stability (Section
2). We then present the study area and the data used in the experiment (Section 3), and we define
the framework for testing the performance of the software in terms of quality of the model results
and computing time (Section 4). Next, we present (Section 5) and discuss (Section 6) the results
before concluding with the key messages of the work (Section 7).

2 The r.slope.stability model
2.1 Modelling approach
Given a digital elevation model (DEM) and a set of geotechnical and geometric parameters, the
r.slope.stability model evaluates the slope stability conditions for a large number of randomly selected ellipsoidal or truncated slip surfaces (Fig. 1). The ellipsoidal slip surfaces are defined by the
geographical coordinates of the centre, the length of the three half axes ae, be and ce, the aspect α,
the inclination β, and the offset of the ellipsoid centre above the terrain. The ae half axis follows
the steepest slope, and ce is aligned perpendicular to the terrain surface. The slope stability calculation is executed using user-defined parameters of landslide length L, landslide width W, maximum
depth of the bottom of the ellipsoid D, and offset of the ellipsoid centre above the terrain zb (relative to ce). Alternativelly, the calculation may be performed using randomized ellipsoid parameters, constrained by user-defined minimum and maximum values of the parameters. The second
option is particularly suitable for testing a large number of slip surfaces. The tested slip surfaces
correspond well to ideal ellipsoids only for reasonably small pixels in relation to the ellipsoid size.
When using larger pixels, the shapes of the tested slip surfaces represent systems of discrete plane
surfaces strongly depending on the discretization of the pixels. For the modelling of more realistic
shallow failure planes, r.slope.stabiliy can use truncated ellipsoids to consider the bottom of soil,
shallow weak layers, or shallow discontinuities bounded by hard bedrock as possible failure
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planes. As a consequence, more than one slip surface may be associated to each ellipsoid
(Mergili et al., 2014).

Figure 1. Typical ellipsoid used as slip surface in r.slope.stability. (a) Ground plot. (b) Longitudinal
section. (c) Forces acting at each column. The factor of safety is computed for the ellipsoid bottom
and (as shown in the figure) for the combination of the ellipsoid bottom and each intersecting
layer bottom. The geotechnical, hydraulic and geometric details are outlined by Mergili et al.
(2014).
To compute FoS, r.slope.stability adopts a modified version of the 3D sliding surface model of
Hovland (1977), revised and extended by Xie et al. (2003, 2004b, 2004c, 2006):

FoS =

∑ (c'⋅ A + (G' cos β
∑ (G' sin β
C

C

c
m

+ N s ) tan ϕ ') cos β m
+ Ts ) cos β m

(Eq. 2)
.

In Eq. 2, the upper term corresponds to the resisting forces R, and the lower term corresponds to
the driving forces T (see Eq. 1). R and T are summed over all columns C of the slip surface. c’
(N m-2) is the effective cohesion, A (m²) is the 3D area of the slip surface of the considered pixel,

G' (N) is the weight of the moist soil, βc is the inclination of the slip surface at the considered column, φ’ is the effective internal friction angle , and βm is the apparent dip of the slip surface at the
considered column in the direction of α. Ns and Ts (N) are the contributions of the seepage force to
the normal force and the shear force. Additional external forces, such as seismic loading, are not
considered by the model. The geotechnical, hydraulic, and geometric principles of the FoS calculation are discussed in detail by Mergili et al. (2014).
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Upon completion of the slope stability calculation for all the slip surfaces, each pixel in the modelling domain is intersected by various slip surfaces, and each slip surface is associated with a value
of FoS. For each pixel, the lowest value of FoS of all the intersecting slip surfaces is taken as the
representative FoS.
Compared to the r.rotstab model (Mergili et al., 2014), r.slope.stability introduces the following
innovations:
1. An improved data management strategy to meet the standards of GRASS GIS, including
built-in functions for model validation and graphic presentation.
2. The ability to fully exploit multi-core computers.
3. The ability to consider complex systems of geological layers, relevant for the modelling of
deep-seated landslides.
4. The ability to compute the slope failure probability Pf in addition to FoS, based on the statistical distribution of c’, φ’ and, for truncated ellipsoids, the truncated depth d.
Points (1) and (2) are explained in Section 2.2, and point (3) is not exploited in this work. The rationale of point (4) relies on the high natural variability of the geotechnical parameters, resulting
in an uncertain definition of the horizontal and vertical distributions of c’ and φ’ (see Section 3). A
map of FoS building on data from a single site, or a limited number of sites, may fail to account for
the details of the landscape. To overcome this limitation, we adopt an approach to compute the
slope failure probability Pf. This approach allows considering the full range of measured values of

c’ and φ’. The statistical properties of the parameters are assumed constant in space (see Section 6).
A range of values of the truncated depth d can be considered, which is particularly useful for
modelling shallow landslides in soils of uncertain depth. This approach is implemented in the following three steps:
1. Computing the arithmetic mean μ, standard deviation σ, minima and maxima of c’, φ’ and

d. The number of samples n of parameter combinations to be collected is defined by the
user.
2. c’, φ’ and d are varied as a function of the defined minima, maxima and intervals in order
to exploit the full range of possible parameter values. The variation of d builds on truncating the ellipsoid at various depths. FoS is computed for each combination using Eq. 2,
building the ratio of the sums of the shear resistances and the shear forces over all columns
of the ellipsoid (see Fig. 1).
3. The slope failure probability Pf for the ellipsoid is computed as a function of the fraction of
parameter combinations where FoS < 1, related to all the tested parameter combinations:
n

Pf = ∑ f i ⋅ wi ,

(Eq. 3)

i =1

4. where fi = 1 for FoSi < 1, fi = 0 for FoSi ≥ 1, and wi is the weight assigned to the parameter
combination i (see below). The sum of wi over all parameter combinations n is 1.
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At the end, the lagest value of Pf out of all intersecting slip surfaces is taken as the value represenative for each pixel.
The sample of parameters to be tested has to represent the probability of occurrence of the parameter combination. Fig. 2 illustrates three possible strategies, using a sample size of n = 100 for two
normally distributed, arbitrary parameters. (a) Random sampling of parameter combinations: 100
parameter combinations are randomly sampled, where the probability of a parameter combination
to be sampled directly relates to the product of the probability densities of the parameter values.
(b) Random sampling of parameters. Here, 10 values of each parameter are randomly sampled,
where the probability of a parameter value to be sampled directly relates to its probability density.
All possible pairs of sampled parameter values are then considered, resulting in 100 tests. (c) Equal
density sampling. Ten values of each parameter are sampled, equally distributed along the cumulative density function associated to each parameter (see Fig. 2d). This ensures that the distribution
of samples reflects the PDF. All possible pairs of sampled parameter values are then considered,
resulting in a total number of 100 tests.

Figure 2. Sampling of parameters for computing slope failure probability. We test the sampling
strategies (a), (b), and (c). For clarity, sampling of two normally distributed arbitrary parameters is
shown. In reality, we sample three parameters (c’, φ’ and truncated depth) according to different
types of statistical distributions (see Section 4 for details). (d) illustrates how the cumulative density function is employed for equal density sampling.
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With (a) or (b), wi = 1 / n (see Eq. 3) and the samples are determined separately for each ellipsoid.
With (c), one sample is used for all ellipsoids. wi represents the product of the cumulative density
intervals associated to the values of the combined parameters (see Fig. 2d). This means that the
edge samples are down-weighted as they only represent half of the area under the PDF, compared
to the other samples.
This approach can equally be applied to three (c’, φ’, d) instead of two (c’, φ’) parameters. Four
types of PDFs can be used: rectangular, normal, log-normal or exponential (see Section 4).

2.2 Computational implementation
r.slope.stability is a raster module of the open source software package GRASS GIS 6.4 (Neteler
and Mitasova, 2007; GRASS Development Team, 2014). The software exploits the Python programming language for data management, pre-processing and post-processing tasks. The slope
stability model itself (see Section 2.1) is implemented as a C code (sub-module
r.slope.stability.main). r.slope.stability also includes a built-in validation and presentation module.
Output maps and plots are produced using R, a free software environment for statistical computing
and graphics (R Core Team, 2014). The logical framework of r.slope.stability is illustrated in Fig. 3.

Figure 3. Logical framework of r.slope.stability. Plain text denotes steps directly implemented in
the module r.slope.stability, and text in boxes denotes sub-modules. Italic letters indicate the programming environment used for the modules.
The numerical implementation presented in this work extends the applicability of the slope stability model to large study areas. This requires a very large number of ellipsoids to be tested. Assuming a test site with an area of 100 km², average ellipsoids of length Lavg = 100 m and width

Wavg = 80 m, and an average number of ellipsoids per pixel (the “density” of ellipsoids) de = 1000,
the total number of ellipsoids ne to be tested sums up to roughly 16 million,
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ne ≈ d e

A
(π 4) ⋅ Lavg ⋅ Wavg

(Eq. 4)
.

The pixel spacing used for the slope stability model has to be small enough to capture the geometry of the assumed slope failure, which may fall into a very broad range of sizes (see e.g., Alvioli et
al., 2014, and references therein). Given a study area of 100 km² and a pixel size of 5 m, four million pixels need to be processed. The potentially large number of pixels in combination with the
large number of ellipsoids, and the complex processing of each ellipsoid, pose challenges in terms
of (i) computer memory and (ii) computing time. We combine two strategies to overcome these
computational challenges:
1. In the C programming environment, raster datasets are commonly held in memory as arrays. This allows a fast and efficient access to each pixel. If the datasets become too large,
or if too many large arrays are held in memory at the same time, the available memory
may be exceeded, causing the model execution to fail. We use the GRASS GIS Segment Library (GRASS Development Team, 2014) to avoid this problem. The library enables storage and use of very large raster datasets independently from the available computer
memory, however at the expense of computing time. r.slope.stability.main uses the GRASS
Segment Library for data input, preparation, and output. For ellipsoid-specific computations, where a lot of data covering a smaller number of pixels has to be accessed frequently, it uses arrays by default. In this study, we apply a segment size of 16 × 16 pixels to all
computations, maintaining 16 segments in memory. As the most time-consuming operations of r.slope.stability make only limited use of the GRASS Segment Library, preliminary
studies have shown that, within a certain range, the computing time displays a weak dependence on changes in those settings.
2. To reduce the computing time when modelling the slope stability of large areas,
r.slope.stability provides the option to divide the study area into a user-defined number of
tiles processed in parallel, if the code is run on an ordinary multi-processor or multi-core
machine (see Fig. 3). In this case, r.slope.stability.main is run separately for each tile. The
final result is obtained by collecting and combining the results for the single tiles. To ensure a full coverage of the study area, an overlap between the tiles of at least the maximum
ellipsoid dimension is required. Each tile is sent to a free computing core as soon as one is
available, and until all the tiles are processed. This procedure is implemented in the way
that the r.slope.stability.py module produces a batch file for each tile. The batch file calls
the

sub-module

r.slope.stability.multicore,

which

is

then

used

to

launch

r.slope.stability.main with the tile-specific parameters (see Fig. 3); the actual parallel processing is performed in the Python part of the module, exploiting the “Threading” Python
library (a higher-level threading interface) and the “Queue” Python module (a class for
managing the “producer-consumer” problem able to block execution until all the items in
the queue have been processed).
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We note that neither the use of the GRASS Segment Library nor multi-core processing affect the
model results in terms of FoS or Pf.

3 Study area and data
We test the r.slope.stability code in the Collazzone area, Umbria, central Italy (Fig. 4). Covering
an area of 89.5 km², this hilly area ranges from 145 m asl along the Tiber River flood plain, to
634 m asl at Monte di Grutti. Various types of continental sediments, Pliocene to Pleistocene in
age, cover the area. Landslides are frequent and abundant in the Collazzone area, and a detailed
landslide inventory (Fig. 4) is available along with geologic and morphologic information and
maps (Guzzetti et al., 2006a,b, 2009; Ardizzone et al., 2007; Galli et al., 2008; Rossi et al., 2010;
Fiorucci et al., 2011). Intense or prolonged rainfall periods are the primary natural triggers of landslides in the area (Ardizzone et al., 2013), followed by rapid snow melt (Cardinali et al., 2000).
Recent landslides are most frequent in cultivated areas, indicating a relationship with agricultural
practices.
In the present work we focus on shallow landslides, considering an inventory of 2,381 landslides
(Fig. 4) for model evaluation (see Section 5). The 5th and 95th percentiles of landslide length L,
width W, and of the L/W ratio for selected shallow landslides are used for constraining the randomization of possible slip ellipsoids (Table 1; see Section 4).
Most commonly, the sliding surface of shallow landslides coincides with the lower boundary of
the soil which, in cultivated areas, we define as the layer disturbed by agricultural practices. Statistics of soil depth ds in the continental sediments of the Collazzone area were obtained from a set
of 90 measurements, considering the lower boundary of the Cv horizon, where present. Analysis of
the measurements resulted in an arithmetic mean of the soil depth μ = 0.60 m, with a standard
deviation σ = 0.27 m. The minimum soil depth measured in the area was zero, and the maximum
soil depth was 1.22 m.
Figure 4 illustrates that landslides are rare where hard bedrock crops out (hatched areas), and
abundant in the continental sediments (all other areas). In the present work, we consider all areas
with hard bedrock outcrops as unconditionally stable, and concentrate to the areas where continental sediments crop out. The geotechnical characteristics of the continental sediments in the
study area were estimated using direct shear tests on 13 samples taken from a variety of lithological conditions (Table 2, see Fig. 4). The variation of geotechnical parameters within each class is
considerable, partly exceeding the variation between the classes. For this reason, we decide not to
consider separate sets of geotechnical parameters for the different lithological classes present in
the study area. Instead, we explore the statistics of the parameters for the entire area with continental sediments. The same approach is used for the parameterization of the soil depth.
In addition to the landslide inventory, soil depths, and the geotechnical data, we use a 5 m × 5 m
digital elevation model (DEM) derived by the automatic interpolation of 10 m and 5 m contour
lines, obtained from 1:10,000 scale topographic base maps.
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Figure 4. Collazzone study area, Umbria, central Italy. IDs of sample points correspond to IDs
listed in Table 2.
Table 1. 5th and 95th percentiles of length L, width W, and the L/W ratio for selected shallow landslides mapped in the Collazzone area. L is measured in the direction of the steepest slope.
Percentile
5th

95th

L (m)
16

129

W (m)
15

125

L/W
0.38
2.85

4 Model parameterization
In this work, we consider only shallow slope stability, truncating the ellipsoids at the depth of the
soil. We set the dry specific weight of the soil γd = 15.8 kN/m³ (see Table 2), and the saturated water content Θs = 40 vol.-%. Within a reasonable range of values, both parameters are not decisive
for the outcome of the slope stability computation. Instead, FoS and Pf are most sensitive to the
effective cohesion c’, the effective angle of internal friction φ’, the depth of the potential failure
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plane d and the water status of the soil. We use the following parameterization for computing Pf
(see Eq. 3):
•

We calculate the arithmetic mean of c’ from field data reported in Table 2. Then, we assume an exponential PDF to model the variability of c’ (El-Ramly et al., 2005; Petrovic,
2008).

•

For φ’, we assume a log-normal PDF (El-Ramly et al., 2005) which parameters (mean and
standard deviation) are derived from field data (see Table 2).

•

As commonly observed for shallow landslides in the Collazzone area, the maximum slip
surface depth – at which all ellipsoids are truncated – is set to the soil depth. A log-normal
PDF is used to model the variability of truncated depth.

•

We further assume the hydraulically most unfavourable case of fully saturated soil with
slope-parallel seepage.

A separate map of FoS is computed, considering the most probable values (modes) of c’, φ’ and
truncated depth d, deriving those from their respective PDF: c’ = 0 kN/m²; φ’ = 27.3°; d = 0.46 m.
Table 2. Geotechnical key parameters derived for 13 samples from the Collazzone study area (see
Fig. 4 for location of the sites). γd = dry specific weight (kN/m³), c' = effective cohesion (kN/m²),

φ' = effective angle of internal friction (degree). Arithmetic mean μ and standard deviation σ are
listed. *For the exponential distribution applied to cohesion, the standard deviation is set to the
mean instead of using the value given in the table.
ID

γd

c'

φ'

USDA class

31.8

sand

1

17.5

0.0

40.1

4

15.8

24.5

25.9

sandy loam

17.6

0.0

35.4

no data

2
3
5

15.3
14.7
16.8

6

no data

9

15.8

7
8

10
11
12
13
μ

σ

0.0
0.0
2.8
4.5

16.2

11.0

15.6

6.7

15.9
14.3
14.6
15.8
1.0

5.7

13.1
8.3

13.2
6.9

7.2*

33.6
30.1
35.1
21.3
26.5
42.4
27.6
18.1
20.5
29.9
7.5

no data
no data
loam

loamy sand
silty clay
silty clay
silty clay

clay loam
no data

silty clay

Table 2 lists a range of c’ = 0–24.5 kN/m² and φ’ = 18.1–42.4 degree. These values are used to constrain the variation of the parameters during r.slope.stability runs. For c’ and φ', this range is justi-
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fied by the rule-of-thumb values given by Prinz and Strauss (2011) for the possible range of geotechnical parameters for various soil types: for the continental sediments in the Collazzone area
the relevant ranges would be c’ = 0–25 kN/m² and φ’ = 15–45 degree. For the soil depth d, the
maximum of 1.22 m corresponds reasonably well to the approximately 1.3 m maximum depth of
disturbance by agricultural practices observed in the Collazzone area (Mergili et al., 2014). Table 3
summarizes the parameters’ minima, maxima, and assumed statistical distributions used for the
computation of Pf. The geotechnical parameterization is kept constant for all the tests.
Table 3. Constraints and assumed statistical distribution of geotechnical parameters and soil depth
for the generation of a slope failure probability Pf map. c' = effective cohesion (kN/m²),
φ' = effective angle of internal friction (degree), d = soil depth (m).
c'
Minimum

Maximum

Assumed distribution

0.0

24.5

Exponential

φ'

18.1
42.4

Log-normal

d
0.10
1.22

Log-normal

Table 4. Parameters tested for their influence on model performance. Subscripts x and y refer to
the x and y directions.
Parameter

Description

Tested values

“Density of ellipsoids” de

Average number of tested ellipsoids touching each pixel

100, 500, 2,500, 12,500

Pixel size dx = dy (m)
Ellipsoid size

Sample size n (number of
tested values of c’, φ’ and d)
Sampling strategy
Number of tiles t

Number of processors p

Length of one side of one pixel, all
pixels have square shapes
Constraints for the randomization
of ellipsoid dimensions
Number of samples used for computing Pf
Strategy for parameter sampling
for Pf
Number of tiles the study area is
divided into (tx x t,y)

Number of processors to be used
for the computation

5, 10, 20, 40

See text for details

3³ (27), 6³ (216), 9³
(729), 12³ (1728), 15³
(3375)
Fig. 2a, b, c

1, 2 (1 × 2), 6 (2 × 3),
12 (3 × 4), 20 (4 × 5),
30 (5 × 6), 42 (6 × 7),
56 (7 × 8), 72 (8 × 9),
90 (9 × 10), 110
(10 × 11), 132
(11 × 12), 156
(12 × 13), 182,
(13 × 14), 210
(14 × 15), 240
(15 × 16)
1, 2 – 42 in steps of 2

508 Appendix A17 – GIS 3D slope stability modelling for large areas

Table 4 lists the parameters tested, and the settings applied in our numerical experiments. The
ellipsoid size is constrained according to Table 1. The maximum depth of the bottom of the ellipsoid is constrained with D = 2.5 m–10 m. Considering all the combinations of the parameter values
listed in Table 4 would result in a very large number of model runs, with excessive computing
times. We therefore divide the task into two parts:
1. Multi-core processing: influence of multi-core processing on the computing time of
r.slope.stability for the entire Collazzone area (Fig. 4). A few combinations of the number
of tiles t, and the number of processors p given in Table 4 are tested for de = 100 and 2500,
and dx = dy = 5 m.
2. Factor of safety and slope failure probability: influence of de and – in the case of Pf – sample size n (number of tested values of c’, φ’ and d) and sampling strategy (see Fig. 2) – on
the model results (average value of Pf and correspondence with observed shallow landslides). Part of this test is performed for a subset of the Collazzone area (see Fig. 4). All
possible values of de and n given in Table 4 are considered.

5 Results
5.1 Test 1: Multi-core processing
The gain in computing time due to parallel processing is most easily summarized by the speedup

Sp:

Sp =

T0
1
=
Tp f s + f p p

(Eq. 5)
,

where p is the number of processes, T0 is the execution time of the sequential algorithm, Tp is the
execution time of the parallel algorithm with p processes, fs is the sequential fraction, summarizing
the overhead, or irreducible serial part, of the code, and fp is the parallel fraction (fs + fp = 1). Sp = p
or fs = 1 – fp = 0 would indicate a linear (or ideal) speedup. In such a case, the efficiency Ep

Ep =

T0
p ⋅ Tp

(Eq. 6)

would be 1. fs > 0 and Ep < 1 in the case of r.slope.stability due to (i) shared use of the RAM by
multiple cores; (ii) non-optimized sequential use of cores; (iii) operations such as creating tiles and
combining the results from each single tile. Further, the total area to be processed increases with t
due to the overlap between the tiles.
We now show the patterns of fs, Sp and Ep when using r.slope.stability to compute FoS for the entire Collazzone area at a pixel size of 5 m x 5 m, constraining the ellipsoid size according to Ta-
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ble 1. Fig. 5 clearly illustrates that the values of fs, Sp and Ep depend on t, p and de. Fig. 5a–c illustrate fs, Sp and Ep for de = 100. The graphs clearly reflect high values of fs for high values of t.

Figure 5. The serial fraction of code, fs, speedup, Sp, and efficiency, Ep, plotted against the number
of processes p for different values of the number of tiles t and average number of ellipsoids per
pixel, de. See text for further explanations.
Consequently, speedup and efficiency are highest with relatively low values of t (42). fs is much
lower with de = 2,500, resulting in optimum values of Sp and Ep using a large number of tiles (see
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Fig. 5d–f). These observations are easily explained by the fact that speedup and efficiency are
turned down with large values of t by the high cost of combining the results from the different
tiles into one set of raster maps for the entire study area. The relative impact of this effect – and
therefore also fs – decreases with increasing values of de. With de = 2,500, the optimum speedup
and efficiency are observed with 182 tiles. Sp does not follow a linear increase with p, reflected in
decreasing values of Ep with p (see Fig. 5 c, and f). This phenomenon is most likely explained by
the shared use of the RAM by multiple cores.
Further, we note that there is no gain in terms of speedup at p > t (not shown in Fig. 5). However,
for the lower values of t, speedup becomes constant with increasing p already at p < t. This observation reflects a non-optimized sequential use of cores. Particularly with low values of p or t, and
varying numbers of null cells among the tiles, it likely happens that one core is assigned much
more work load than another. This type of effects, illustrated by the irregular patterns of Ep at
lower values of t, is smoothed out at high values of t, where load balance is roughly done automatically. This phenomenon also results in increasing values of Sp for t > p.
The effects of considering other study areas, different pixel sizes or different ellipsoid dimensions
on Tp have to be noted. In principle, we expect a near-linear dependency of Tp on the number of
pixels to be processed. However, increasing the pixel size results in an under-proportional gain of

Tp. Areas of null cells due to the irregular shape of the study area cause computations on ellipsoids
or entire tiles to break in an early stage of processing. This leads to a relative increase of operations
not depending on the number of pixels.
We further expect that the computing time does not depend on the dimensions of the ellipsoids: a
given value of de means that all pixels of the study area have to be considered for approx. de times
(see Eq. 4). If larger ellipsoid dimensions are chosen, fewer ellipsoids need to be processed. However, larger ellipsoids have a higher chance to be cancelled as they touch areas with null cells rather than smaller ellipsoids. As a consequence, Tp decreases with larger ellipsoids. In the specific
setting considered here, doubling the constraints of L and W given in Table 3, resulting in a fourfold size of an average ellipsoid, decreases the computing time by 11% whilst executing the model
with halved values of L and W, leading to a quarter of the original average ellipsoid size, increases
the computing time by 21%.

5.2 Factor of safety and slope failure probability
Next, we compute FoS for shallow landslides in the study area with values of de = 100, 500, 2500,
and 12,500. We evaluate the modelling results against observed shallow landslide areas (see Fig. 4).
Larger values of de result in a more conservative prediction in terms of FoS – if more ellipsoids are
tested, the chance is higher for each pixel that at least one slip surface is associated with FoS < 1
(Fig. 6). All tests result in a rather successful than unsuccessful prediction, even though the false
prediction rates are significant. There is no optimum value for de, per se. Strictly speaking, de ~ ∞
would be needed – as the rate of positive predictions may increase also at very high values of de,
there will always be a trade-off between the computing time and the quality of the results.
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Figure 6. Influence of de on the performance of r.slope.stability in terms of prediction rates, building on FoS. Pixels representing observed shallow landslide areas (observed positives, OP) with a
modelled value of FoS < 1 represent true positive predictions (TP). OP pixels with FoS ≥ 1 represent false negative predictions (FN). Pixels not representing observed shallow landslide areas (observed negatives, ON) with a modelled value of FoS < 1 represent false positive predictions (FP).
Finally, ON pixels with FoS ≥ 1 represent true negative predictions (TN).

Figure 7. Slope failure probability computed with r.slope.stability. (a) Evolution of Pf for a subset
of the Collazzone study area (see Fig. 4) with increasing value of de. The outcomes of the sampling
strategies (a), (b) and (c) introduced in Fig. 2 are compared. (b) ROC plot relating Pf to the observed shallow landslide areas in the entire Collazzone study area for different values of n and de.
However, we note that, in this example, the overall quality of the prediction does not increase
with larger values of de (i.e., the polygon does not significantly shift towards a successful prediction), indicating that most areas with FoS < 1 were detected at earlier stages of the computation,
and the additional areas with FoS < 1, detected at later stages of the computation, consist equally
in true positive and false positive predictions. For the purpose of the present study, we consider

de = 2,500 a sufficiently reasonable approximation.
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We compute slope failure probability for a subset of the Collazzone area (see Fig. 4) with five different sample sizes, applying each of the sampling stategies (a), (b) and (c) introduced in Fig. 2. c’,

φ’ and d are sampled. We assume that the accuracy of the results increases with increasing values
of de and n. However, so does the computing time. Therefore, we attempt to identify those values
where the results converge – i.e., the ideal values in terms of accuracy and time efficiency. We
take the average value of Pf over the study area as reference. Fig. 7a illustrates how the average
value of Pf increases with increasing de. It further indicates the sample size n needed for convergence i.e., the value of n where the average Pf remains constant when n is further increased. Obviously, equal density sampling (c) performs best whilst random sampling of parameters (b) is not
a valid alternative: with a very high number of tested ellipsoids, it is likely that at least one of the
random samples is biased towards low values of c’ and φ’. Therefore, on the logarithmic scale used
in Fig. 7a, average Pf steadily increases with increasing de. This effect is less pronounced for larger
values of n, but it could only be diminished by testing excessively large samples i.e., at the cost of a
very long computing time. Sampling strategy (a), with randomly sampled parameter combinations,
is less susceptible to these effects as the samples are better distributed within their range (see
Fig. 2). Still, with the assumptions tested, the curves converge at a higher average of Pf and flatten
our more slowly than the curves for equal density sampling. Further, strategy (a) is highly inefficient. With similar values of de and n, the computing time is roughly 20–25 times longer than for
strategy (c). The reason for this phenomenon is that the number of truncated depths to be tested is

n with strategy (a) and the cubic root of n with the other strategies. Hence, with (a), the geometry
of a much larger number of slip surfaces has to be built than for (b) and (c), which is costly in
terms of computing time.
Independently of the sampling strategy, the average slope failure probability decreases with the
number of samples. For the strategies (a) and (b), this is a result of the lower tendency of outliers
with larger sample sizes, which is more pronounced with (b) than with (a). With sampling strategy (c), it is a result of the fact that an exponential PDF is assumed for c’. With lower sample sizes,
the relative weight of the minimum value c’ = 0 kN/m² is higher than with higher values of n,
resulting in higher values of Pf.
Among all the tests shown, we expect equal density sampling with n = 15³ to perform best in
terms of accuracy. With de = 12,500, n = 15³ yields an average Pf = 0.094. n = 12³ and de = 12,500
yields an average Pf = 0.095. In a certain range, reducing n and de affects moderately the model
results, but improves significantly the computational efficiency. Setting n = 9³ and de = 12,500
gives an average Pf = 0.097, saving 75% of the computing time, and setting n = 9³ and de = 2,500
gives an average Pf = 0.090, saving 95% of the computing time. Given the level of uncertainty in
the geotechnical parameterization, reducing the values of n and de can be a strategy for the computation of very large areas, keeping the computing time within reasonable limits. Even though
we do not recommend using values of n < 9³ and de < 2,500, Fig. 7b shows that, within a certain
range, changes of n and de do not affect significantly the capability of the model to reproduce the
patterns of observed landslide / non-landslide areas in terms of the area under the ROC curve
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AROC. This indicates that changes of the results for larger values of n and de affect equally areas
with low and high values of Pf.
Figure 8a illustrates the modelled distribution of FoS in the study area, and Fig. 8b portrays the
spatial patterns of Pf.

Figure 8. Spatial patterns of shallow slope stability in the Collazzone study area, computed with
r.slope.stability. (a) FoS for de = 2,500. (b) Pf for de = 2,500 and n = 9³.

6 Discussion
Exploiting multi-processor computing environments enables the execution of complex slope stability models for reasonably large areas within an acceptable amount of time. This strategy allows
testing large numbers of slip surfaces and looping over many combinations of geotechnical parameterizations. With equal density sampling of the parameters, a sample size of n ~ 15³ is sufficient to
provide convergence of the probability of failure, Pf, results. These findings are valid for shallow
landslides where three parameters (c’, φ’ and d) are sampled.
With the reduction of computing time, the remaining key challenge for broad-scale slope stability
modelling consists in the parameterization of the input data. The geotechnical parameterization
used is considered reasonable for testing model performance. However, it calls for improvements
with regard to more reliable landslide susceptibility and hazard maps.
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In the present work, we assume constant statistical properties (μ, σ, minimum, maximum) of the
geotechnical parameters c’ and φ’ and of the soil depth d over the relevant part of the study area.
Even though, in this specific case, we can well justify this generalization, it may be too simplistic
in other cases.
We further assume independent statistical properties of c’ and φ’. However, this is a rough simplification as these parameters – representing the offset and inclination of the linear regression in the
Mohr-Coulomb Diagram – are often negatively correlated. A future challenge will consist in finding an appropriate way to build PDFs considering the interdependency of the two parameters.
Finally, the PDFs that were used in the study may be improved. Whilst the density functions for d
and φ’ are reasonably well supported by the empirical observations, the exponential PDF used for

c’ was derived for soils with a high content of sand and silt (El-Ramly et al., 2005; Petrovic, 2008).
For clay, a log-normal function seems to better describe the observations. A joint, two-variable
PDF depending on both c’ and φ’ may by hypothesized. Such a function is expected to yield significantly less conservative results. Given a sufficiently large dataset, we suggest to use the PDF for φ’
and couple the function for c’ to the tested value of φ’ (see Section 2). An appropriate geotechnical
parameterization requires a detailed knowledge of the area under investigation. As an example, if
deep-seated slope stability is considered, this understanding should include the strike and dip directions of bedding planes (Santangelo et al., 2014).

7 Conclusions
We have described and tested r.slope.stability, a multi-core numerical GRASS GIS implementation
of a 3D slope stability model for large areas, highlighting (i) the gain in computing time, and the
consequent applicability to large areas, and (ii) the possibility of modelling the spatial probability
of slope failures, based on the natural variability of geotechnical characteristics of the soils. Using
commonly available multi-core hardware, the use of parallel processing may reduce running times
by a factor larger than 20. Our parallel implementation is transparent to the r.slope.stability user
in GRASS GIS, since it is based on the automatic partitioning of the study area in tiles, processed
in parallel. The modelling results are presented for the entire area, and validated against observed
landslides.
We conclude that parallel processing enables the application of complex slope stability models for
large areas in a reasonable amount of time. A remaining challenge for this type of task is the geotechnical parameterization of the area under investigation. In the present paper, we have demonstrated a simple approach to compute slope failure probabilities by using PDFs of c’, φ’, and d. This
approach is considered sufficient for the purpose of the present work. The model results reasonably correspond to the distribution of observed shallow landslides in the Collazzone area. However,
we have identified a considerable potential for improvement with regard to (i) regionalization of
the parameters, (ii) consideration of the interrelation of c’ and φ’ and (iii) optimization of the
PDFs used.
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Abstract
We use the software r.slope.stability to explore the chances and challenges of obtaining broadscale spatial overviews of deep-seated slope stability by means of physically-based modelling.
r.slope.stability is developed as a raster module of the GRASS GIS software. Given a DEM, a set of
lithological layers, and the statistical properties of the associated geotechnical parameters, the
model evaluates the slope stability for a large number of randomly selected potential sliding surfaces, ellipsoidal in shape. The bedding planes of lithological layers are considered as potential
sliding surfaces by truncating the ellipsoids, allowing for the analysis of relatively complex geologic structures. Any single raster cell may be intersected by multiple sliding surfaces, each associated
with a factor of safety (mean and standard deviation) and a failure probability. For each pixel, the
most critical sliding surface is applied.
We focus on the Collazzone area, central Italy, where morpho-structural settings control the distribution of deep-seated landslides. We employ a lithological model based on the strike and dip
directions of each layer, and a set of geotechnical parameters associated to the layers, obtained
through direct shear tests. Acknowledging the challenges related to the high natural variability of
geotechnical parameters in space, r.slope.stability proves partly successful in reproducing the observed distribution of deep-seated landslides in the study area. The assumed direction of seepage
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(slope-parallel vs. layer-parallel) strongly influence the model results, whilst the way of geotechnical parameterization (PDFs, interdependency of parameters) plays a minor role for the prediction quality in terms of the area under the ROC curve.

Deep-seated landslides, GRASS GIS, Lithological bedding, Slope failure probability, Slope stability
model

1 Introduction
Landslide susceptibility is the spatial probability of landslide occurrence (Brabb, 1984; Guzzetti et
al., 1999). It can be determined by means of statistical and physically-based models (Guzzetti et al.,
1999; Van Westen, 2000; Guzzetti, 2006; Van Westen et al., 2006). Most commonly, modelling of
shallow landslide susceptibility for small catchments relies upon the use of physically-based (“deterministic”) models (Van Westen et al., 2006). These models build on the limit equilibrium concept, and assume (i) slopes consiststing of rigid materials, (ii) a Coulomb (1776) mechanical model
for the slope materials, and (iii) the possible rupture occurrence along single failure planes i.e., the
sliding surface. The factor of safety (Carson and Kirkby, 1972; Crozier, 1986; Duncan and Wright,
2005) of the failure plane expresses the stability/instability conditions of the slope. It is given by
the dimensionless ratio between the resisting (stabilizing) forces, R, and the driving (destabilizing)
forces, T, or

FoS =

R
T.

(Eq. 1)

Where FoS > 1, the slope is considered stable. FoS = 1 represents meta-stable conditions, and FoS <
1 corresponds to unrealistic physical conditions where the driving forcess exceed the resisting
forces, indicating an unstable slope (Raia et al., 2014).
The infinite slope stability model is commonly used when applying the limit equilibrium concept
in a raster Geographic Information System (GIS). This simple approach is often coupled with more
or less complex hydraulic and infiltration models. The latter are used to predict the location and
timing of failures in an area in response to precipitation (Montgomery and Dietrich, 1994;
Pack et al., 1998; Wilkinson et al., 2002; Xie et al., 2004a; Godt et al., 2008; Muntohar and Liao,
2010; Raia et al., 2014). The infinite slope stability model assumes a planar slope of infinite length,
with the potential failure plane parallel to the topographic surface. In a raster GIS, calculation of
the FoS for each individual pixel is straightforward. The forces acting between the pixels are ignored since the failure is assumed to be infinitely wide and long. This has facilitated the widespread application of this type of model (Van Westen and Terlien, 1996; Burton and Bathurst,
1998; Xie et al., 2004a; Baum et al., 2008; Godt et al., 2008; Raia et al., 2014). However, the infinite
slope stability model is well suited only for shallow slope stability in frictional materials
(Mergili et al., 2014a). It fails to capture the complexity of deep-seated and complex landslides.
Milledge et al. (2012) determined that the infinite length assumption is always reasonable for
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landslides with a length-to-depth ratio L/D > 25, whereas Griffiths et al. (2011) give a threshold

L/D = 16.
To evaluate the stability/instability conditions of slopes susceptible to deep-seated landslides, more
complex limit equilibrium models should be used. Such models were developed and are often applied to two-dimensional cross sections drawn along the steepest terrain gradient (Duncan and
Wright, 2005). The zone above a known, inferred, or hypothetical failure plane is divided into
vertical slices of equal or different sizes. R and T are computed for each slice, and summed linearly
to obtain a single value of FoS for the entire slope. Most commonly, the forces acting between the
slices are neglected (Fellenius, 1927). In many cases, this simplification leads to a lower value of

FoS (Kolymbas, 2007). Fellenius (1927), Bishop (1954), Janbu et al. (1956), and Morgenstern and
Price (1967) have proposed different schemes to calculate FoS along pre-defined slope profiles and
associated failure planes. Later, this type of model was extended to 3D topographies and failure
planes (e.g., Hovland, 1977; Hungr, 1987; Hungr et al., 1989). Specific software packages were
designed to test multiple 3D failure planes, searching for the lowest FoS value e.g., CLARA
(Hungr, 1988), TSLOPE3 (Pyke, 1991), or 3D-SLOPE (Lam and Fredlund, 1993). These tools were
designed to model individual slopes, or portions of a slope, and cannot be used effectively for a
broad-scale (regional) analysis of the slope stability conditions.
Few attempts were made to develop sliding surface models applicable at the regional scale, coupled to GIS (Reid et al., 2000; Xie et al., 2003, 2004b, 2004c, 2006; Marchesini et al., 2009; Jia et al.,
2012; Mergili et al., 2014a, b). The GIS implementation of this type of models remains a challenge,
mainly due to (i) complex geometries, including neighbourhood relationships not trivial to handle
in a raster GIS, and (ii) high computational effort, calling for specific strategies to reduce the computing time (Mergili et al., 2014b). In the present work, we explore the chances and challenges of
broad-scale deep-seated landslide susceptibility modelling in complex geological conditions (multiple lithological layers). For this purpose, we test the GIS-based, 3D (strictly, 2.5D) sliding surface
model r.slope.stability (Mergili et al., 2014a, b) for the 89.5 km² Collazzone study area in Umbria,
central Italy.
We now proceed with introducing r.slope.stability (Section 2). We then present the study area
and the data used in the modelling experiments (Section 3). Next, we present and discuss the results (Section 4) before concluding with the key messages of the work (Section 5).

2 The model r.slope.stability
2.1 General model layout
r.slope.stability, a further development of r.rotstab (Mergili et al., 2014a), was implemented as a
raster module of the open source software package GRASS GIS (Neteler and Mitasova, 2007;
GRASS Development Team, 2014). Frequently used for GIS-based models related to mass movements (e.g., Mergili et al., 2012a, b, 2014a, b; Gruber and Mergili, 2013), GRASS GIS is well suitable for this type of tasks due to its open structure, modular design, and the compatibility with var-

522 Appendix A18 – GIS slope stability modelling in complex geology

ious programming languages. r.slope.stability exploits the Python programming language for data
management, pre-processing and post-processing tasks. The slope stability model itself is implemented as a C code. Output maps and plots are produced using R, a free software environment for
statistical computing and graphics (R Core Team, 2014). The model code and a user manual are
accessible at http://www.slopestability.org.

Figure 1. Geometric concept of r.slope.stability. (a) Ground plot and (b) longitudinal profile of a
typical ellipsoid used as sliding surface. (c) Discretization of the model result: the result (FoS, Pf)
for the least stable intersecting ellipsoidal or truncated sliding surface is assigned to each pixel of
the study area.
Given a digital elevation model (DEM) and a set of geotechnical and geometric parameters,
r.slope.stability evaluates the slope stability conditions for a large number of randomly selected
ellipsoidal or truncated sliding surfaces (Fig. 1). The ellipsoidal sliding surfaces are defined by the
geographical coordinates of the centre, the length of the three half axes ae, be and ce, the aspect α,
the inclination β, and the offset of the ellipsoid centre above the terrain. The ae half axis follows
the steepest slope, and ce is aligned perpendicular to the terrain surface (see Figs. 1a and 1b). The
slope stability calculation builds on user-defined or randomized parameters of landslide length L,
landslide width W, maximum depth of the bottom of the ellipsoid D, and offset of the ellipsoid
centre above the terrain zb (relative to ce). With randomized ellipsoid parameters, user-defined
minimum and maximum values for each parameter are needed. This option is particularly suitable
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for testing a large number of sliding surfaces. The tested sliding surfaces correspond well to ideal
ellipsoids only for reasonably small pixels in relation to the ellipsoid size. When using larger pixels, the shape of the tested sliiding surface represents a system of discrete plane surfaces strongly
depending on the discretization of the cells (Mergili et al., 2014a).
For modelling more realistic failure planes, r.slope.stabiliy can use truncated ellipsoids to consider
the bottom of soil, shallow weak layers, or shallow discontinuities bounded by hard bedrock as
potential sliding surfaces (see Fig. 1c). The model therefore includes the ability to consider complex systems of geological layers, relevant for modelling of deep-seated landslides. As a consequence, more than one potential sliding surface may be associated to each ellipsoid. For each potential sliding surface, the slope stability calculation (see Section 2.2) results in a set of (i) mean
value of FoS, μFoS, (ii) standard deviation of FoS, σFoS, and (iii) slope failure probability, Pf. Upon
completion of the slope stability calculation for all the potential sliding surfaces, each pixel in the
modelling domain is intersected by various of these surfaces, and each surface is associated with
one value of FoS, or one value of μFoS, σFoS, and Pf each. For each pixel, the lowest value of μFoS, the
value of σFoS associated with the lowest value of μFoS, and the largest value of Pf out of all the intersecting sliding surfaces are taken as the representative values (see Fig. 1c).
A very large number of random ellipsoids has to be tested to reach convergence of the results
(Mergili et al., 2014a, b). To reduce the computing time when modelling the slope stability of large
areas, r.slope.stability provides the option to divide the study area into a user-defined number of
tiles processed in parallel, if the code is run on an ordinary multi-processor or multi-core machine.
The final result is obtained by collecting and combining the results for the single tiles. This procedure is described and tested in detail by Mergili et al. (2014b).

2.3 Factor of safety and slope failure probability
To compute FoS for a given ellipsoidal or truncated sliding surface, r.slope.stability adopts a modified version of the 3D sliding surface model of Hovland (1977), revised and extended by Xie et al.
(2003, 2004b, 2004c, 2006):

FoS =

∑ (c'⋅ A + (G' cos β
∑ (G' sin β
C

C

c
m

+ N s ) tan ϕ ') cos β m
+ Ts ) cos β m

.

(Eq. 2)

In Eq. 2, the upper term corresponds to the resisting forces, R, and the lower term corresponds to
the driving forces, T (see Eq. 1). R and T are summed over all columns C of the slidingsurface
(Fig. 2a). c’ (N m-2) is the effective cohesion, A (m²) is the 3D area of the sliding surface of the considered cell, G' (N) is the weight of the moist soil, βc is the inclination of the sliding surface at the
considered column, φ’ is the effective internal friction angle , and βm is the apparent dip of the
sliding surface at the considered column in the direction of α. Ns and Ts (N) are the contributions
of the seepage force, Fs, to the normal force and the shear force. Additional external forces, such as
seismic loading, are not considered. The geotechnical, hydraulic, and geometric principles of the

FoS calculation are discussed in detail in Mergili et al. (2014a).
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Figure 2. (a) Forces acting at each column. FoS is computed for the ellipsoid bottom and (as shown
in the figure) for the combination of the ellipsoid bottom and each intersecting layer bottom (see
Fig. 1c). The geotechnical, hydraulic and geometric details are outlined by Mergili et al. (2014a).
(b) Equal density sampling of parameters for computing the mean μFoS and the standard deviation
σFoS of FoS, and the slope failure probability Pf.
Given the uncertain definition of the horizontal and vertical distributions of c’ and φ’, a single
value of FoS for each sliding surface would be unsatisfactory. Therefore, r.slope.stability includes
the option to repeat the calculation with a large number of possible combinations of c’ and

φ’according to the statistical distribution of the parameters. This results, for each tested sliding
surface, in (i) a mean value of FoS, μFoS, (ii) a standard deviation of FoS, σFoS, and (iii) a slope failure
probability, Pf.
This approach needs the arithmetic mean μ, standard deviation σ, minimum, and maximum of c’
and φ’ for each lithological layer. A user-defined number n of parameter combinations is then
sampled, constrained by the minima and maxima of c’ and φ’. FoS is computed for each combination using Eq. 2. The slope failure probability Pf for the ellipsoid is computed as a function of the
fraction of parameter combinations where FoS < 1, related to all the tested parameter combinations:
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(Eq. 3)

n

Pf = ∑ f i ⋅ wi
i =1

,

where fi = 1 for FoSi < 1, fi = 0 for FoSi ≥ 1, and wi is the weight assigned to the parameter combination i (see below). The sum of wi over all parameter combinations n is 1.
The sample of combinations of c’ and φ’ to be tested has to represent the probability of occurrence
of the combinations. The sampled values are therefore equally distributed along the cumulative
density function associated to each parameter (see Fig. 2b). This ensures that the distribution of
samples reflects the probability density functions (PDFs) associated to the parameters. wi represents the product of the cumulative density intervals associated to the values of the combined parameters (see Fig. 1b). This means that the edge samples are down-weighted as they only represent
half of the area under the PDF of the other samples. Four types of PDFs can be used: rectangular,
normal, log-normal or exponential (see Sections 3 and 4). Mergili et al. (2014b) have shown that
this type of equal density sampling outperforms random sampling techniques. Further, their results indicate that n ≈ 15² shall be a reasonable sample size.

2.3 Demonstration with a regular cone
A regular cone with a slope of 30° is used to demonstrate the influence of geological bedding on
the computed FoS in a controlled way. A set of regular and parallel lithological layers with bedding planes at a constant dip of 30° is introduced, resulting in a varying orientation of the layers
with respect to the cone surface (Fig. 3a-c). For simplicity, here we consider only one combination
of c’ and φ’ for each layer, resulting in a single value of FoS. We define a sequence of alternating
20 m thick layers with higher shear strength (c’ = 10 kN/m², φ’ = 40°) and 2 m thick layers with
lower shear strength (c’ = 5 kN/m², φ’ = 20°), with the uppermost weak layer assumed at a depth of
10 m. 54 layers are considered in total. Taking an area of 1,000 x 1,000 m and a cell size of 5 m,
r.slope.stability is run for 285,000 randomly centred ellipsoids with a length of 200 m, a width of
125 m and a depth of 20 m. In addition, two pre-defined ellipsoids (E1 and E2 in Fig. 3a-c) are
analyzed in more detail.
Fig. 3 shows the spatial variation of FoS computed with r.slope.stability, assuming (a) dry, and (b)
and (c) fully saturated material. The side of the cone with slope-parallel (cataclinal) configuration
of the layers clearly shows lower values of FoS than the side with layering opposed to the slope
(anaclinal layering). This effect is enhanced for saturated material when considering layer-parallel
seepage forces (see Fig. 3c).
The results for two pre-defined ellipsoids – E1 with cataclinal (see Fig. 3d), E2 with anaclinal layering (see Fig. 3e) – are illustrated in terms of the forces acting along a longitudinal section following the ae axes of the ellipsoids. The shear resistance, R, is positive in upslope direction, and the
shear force, T, and the shear component of the seepage force, Ts, are positive in downslope direction. All forces act parallel to the local inclination of the sliding surface.
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Figure 3. Test of r.slope.stability for a regular cone. (a) Dry material, (b) saturated material with
slope-parallel seepage, and (c) saturated material with layer-parallel seepage. (d) and (e) illustrate
the forces acting along a longitudinal profile through two selected ellipsoids with slope-parallel
layering and layering opposed to the slope, respectively.
For the ellipsoid E1 (see Fig. 3d), the most critical sliding surface (FoS = 0.84 for dry conditions,

FoS = 0.52 for fully saturated conditions) corresponds to the bottom of the only weak layer intersected by the ellipsoid bottom. R is higher in the lower part of the ellipsoid, with a comparatively
low inclination and high values of c’ and φ’. R in the upper part of the ellipsoid is lower despite
high values of c’ and φ’, due to the steeper inclination and the lower weight. The patterns observed for T and Ts reflect the balance between the inclination and the weight of the overlying
saturated material and water.
The ellipsoid E2 (see Fig. 3e) intersects several weak layers of anaclinal setting. Much higher values of FoS (1.50 for dry conditions, 3.28 for saturated conditions) are computed than for E1, and
higher values of FoS are computed for saturated than for dry conditions. This is a consequence of
(i) the high values of R over most of the tested sliding surfaces, (ii) the negative values of T of the
truncated anaclinal surfaces and (iii) the negative values of Ts (seepage into the slope as prescribed
by the anaclinal configuration). Even though the effect of the layers with low shear strength on R
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is obvious, in some places the pixel size does not allow identifying each single weak layer intersecting the ellipsoid bottom (see the single drop of R in Fig. 3e).

3 Study area and data
3.1 Collazzone study area
We test the r.slope.stability model in the Collazzone area, Umbria, central Italy (Fig. 4). Covering
a surface of 89.5 km², the mostly hilly terrain ranges from 145 m asl along the Tiber River flood
plain to 634 m asl at Monte di Grutti. We use a 10 m × 10 m digital elevation model (DEM) derived by the automatic interpolation of 10-m and 5-m contour lines, obtained from 1:10,000 scale
topographic base maps.

Figure 4. Collazzone study area, Umbria, central Italy. (a) Inventory of observed deep-seated landslides draped over a shaded relief map with 25 m interval contour lines. (b) Lithological classes and
bedding traces mapped in the area. IDs of sampling sites correspond to the IDs listed in Table 2.
Landslides are frequent and abundant, and a detailed landslide inventory is available along with
geologic and morphologic information and maps (Guzzetti et al., 2006a,b, 2009; Ardizzone et al.,
2007; Galli et al., 2008; Rossi et al., 2010; Fiorucci et al., 2011). Landslides in the Collazzone area
are often associated with intense or prolonged rainfall periods (Ardizzone et al., 2013). In the present work, we focus on deep-seated landslides, considering an inventory of 372 landslides (Fig. 4a)
for model evaluation. According to our inventory, 7.7 km² (8.7% of the area) were affected by
deep-seated landslides. The 5th and 95th percentiles of landslide length L, width W, and of the L/W
ratio for deep-seated landslides in the Collazzone area are used for constraining the randomization
of potential slip ellipsoids (Table 1). The maximum depth of the ellipsoid bottom is constrained to
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a range of 5–20 m, according to the characteristic depths of deep-seated landslides in the Collazzone area.
Table 1. 5th and 95th percentiles of length L, width W, and the L/W ratio for selected deep-seated
landslides mapped in the Collazzone area. L is measured in the direction of the steepest slope
(Mergili et al., 2014a).
Percentile
5th

95th

L (m)
65

266

W (m)
55

291

L/W
0.45
2.39

Various types of continental sediments, Pliocene to Pleistocene in age, cover the area. Field mapping and the interpretation of aerial photographs has resulted in a detailed lithological map (see
Fig. 4b). Landslides are rare where consolidated rock crops out, whilst they are commonly observed in the four classes of continental sediments. In the present work, we consider all areas with
consolidated rock outcrops as unconditionally stable, and concentrate to the areas covered by continental sediments. The boundaries between the lithological classes are considered as bedding
traces of the associated layers. These bedding traces are used to create a 3D model of the underground geological structure (see Chapter 3.2). A lithological class is further assigned to each layer.
The geotechnical parameterization of those classes is outlined in Chapter 3.3.

3.2 Model of lithologic layers
Santangelo et al. (2014) demonstrated that, in the Collazzone study area, relict and deep-seated
landslides often coincide with cataclinal slopes. Relying on a DEM and a set of bedding traces,
they used a GIS based procedure to classify the study area in terms of relationships between bedding and topography (morpho-structural domains); the following 5 classes are defined: cataclinal
dip, cataclinal overdip, cataclinal underdip, anaclinal and orthoclinal (Fig. 5a). Here, we exploit
the maps of bedding inclination (BI) and dip direction (BD), together with the bedding traces of
the lithologic contacts, to model the underground elevation of the lithotype boundaries i.e., the
lithologic contact surfaces (LCs).
The BD and BI layers were obtained by interpolating the strike and dip of individual bedding
planes, derived through the analysis of the bedding traces’ shapes and elevations (Marchesini et al.,
2013; Santangelo et al., 2014). The values of the BD layer are constrained between 0 and 360 degrees, and represent the azimuth (from North, clockwise) of the maximum inclination of the bedding. The values of the BI layer can vary between 0 and 90 degrees, and represent the inclination
from the horizontal (90 degrees being vertical strata) of the bedding.
A code was developed to build the LC layers, exploiting the BD, BI and BT layers. The code is developed inside the GRASS GIS software (GRASS Development Team, 2014) and, in particular,
exploiting the pygrass API (Zambelli et al, 2013).
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Figure 5. Morpho-structural domains and lithologic contact surfaces. (a) Morpho-structural domains as derived by Santangelo et al. (2014). (b) Computation of the lithologic contact surfaces
(LCs) for a selected configuration of bedding trace pixels. See text and Eqs. 4 and 5 for further details.
Figure 5b shows a theoretical extract of the LC, BI and BD layers. In the figure, the yellow pixels
represent a bedding trace (BT), defined as the intersection of a lithological boundary with the terrain surface. The values of elevation of these cells are therefore the initially known values of the

LC layer. The LCi,j value in the i-th,j-th underground cell is estimated by averaging the values obtained from the contributions of the apparent inclinations in the direction of the three up-slope
cells. With reference to Fig. 5b:

LCi , j =

LCi +1, j −1 − H a + LCi , j −1 − H b + LCi −1, j −1 − H c
,

3

(Eq. 4)

where

H a = d tan (BI i , j )cos BDi , j − 45
H b = r tan (BI i , j )cos BDi , j − 90

(Eq. 5a)

,

(Eq. 5b)

,

H c = d tan (BI i , j )cos BDi , j − 135

.

(Eq. 5c)
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For cases where the up-slope pixels are not aligned, the procedure chances accordingly. The described procedure is applied for calculating the elevation of all the pixels that share at least one
side with the bedding trace pixels. Moreover, the procedure involves only those pixels which, due
to the dip direction, are supposed to be located in the underground side of the bedding trace itself
(the side of the bedding trace where the lithological boundary “enters” the terrain).
At the end of the first run of the code, a sort of 1-cell “buffer”, describing the elevation of the cells
that are near to those of the bedding trace, is obtained. In the second run of the code, these “buffer” cells are then used as input in place of the bedding trace layer. As a result, the buffer grows in a
stepwise fashion of one line of pixel per run. The number of runs can be arbitrarily chosen by the
user, resulting in a corresponding “buffer” size. The values of the cells inside the “buffer” represent
the elevation of LC.
In the specific case of the present work 15 iterations with a 10 m spatial resolution were used.
That results in “buffers” that can vary in width between 150 and 212 m depending on the direction of the buffer growth. The number of raster layers of the lithological boundaries generated by
the procedure corresponds to the number of the available bedding traces.

3.3 Geotechnical parameterization
Fig. 6 plots the values of effective angle of internal friction, φ’, and effective cohesion, c’, obtained
with direct shear tests on 13 geotechnical samples in four lithological classes in the Collazzone
area (see Fig. 4a for the location of the sampling sites). Two samples are classified as outliers. We
explore the class-specific statistical characteristics of the remaining 11 samples as a basis for building the PDFs for equal density sampling of c’ and φ’ (Table 2; see Fig. 2b).
The size of the geotechnical data set is too small to reasonably constrain the minima and maxima
of c’ and φ’. Therefore, for all classes, we employ the values given by Prinz and Strauss (2011) relevant for the continental deposits of the Collazzone area: c’ = 0–25 kN/m² and φ’ = 15–45 degree
(see Fig. 6). These ranges correspond reasonably well to those represented by the geotechnical
samples (including the outliers): c’ = 0–24.5 kN/m² and φ’ = 18.1–42.4 degree. Given the fact that
all of the classes of continental deposits are highly variable within themselves, it appears reasonable to us considering rather broad ranges of c’ and φ’ in principle, whilst deriving the PDFs from
the class-specific statistics.
Furthermore, the size of the data set is too small to derive the types of the PDFs for c’ and φ’ directly from the measured data. Previous studies suggest different types of PDFs for the two parameters, also depending on the type of material (El-Ramly et al., 2005; Petrovic, 2008). In addition,
we suggest a possible interdependence between c’ and φ’ (see Fig. 6). In order to cover a broad
range of possibilities, we consider three possible ways of parameterizing the variation of c’ and φ’:
G1

Both parameters follow a normal (gaussian) distribution. Interdependencies between c’
and φ’ are not considered. A rectangular distribution is assumed for the mixed deposits due
to insufficient direct information (see Table 2).
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G2

c’ follows an exponential distribution whereas φ’ follows a normal distribution. Also here,
we neglect possible interdependencies of the parameters and assume a rectangular distribution for the mixed deposits.

G3

φ’ follows a normal distribution (for mixed deposits, a rectangular distribution), and c’ and
φ’ are interdependent. Following Fig. 6, c’ can be approximated as a function of φ’:

c' = 582.99 ⋅ ϕ '+21,711 + ec , R² = 0.75.

(Eq. 6)

The uncertainty in this relationship is considered by exploring the error in Eq. 6, ec’. The
data support the assumption of a normal distribution of ec’, with a standard deviation

σe,c’ = 2.4 kN/m². Sampling of c’ makes use of the statistically sampled value of φ’, Eq. 6,
and a normally distributed PDF of ec’, constrained by the observed minimum of ec’,min = 3.4 kN/m² and the observed maximum ec’,max = 3.2 kN/m². Resulting values of c’ < 0 are set
to zero (see Fig. 6).

Figure 6. Effective cohesion, c’ plotted against the effective angle of internal friction, φ’, both derived from direct shear tests on samples collected in different lithological classes of the Collazzone
area (see Fig. 4). The regression line excludes the outliers shown in the upper right part of the
diagram. In addition, the ranges used for the statistical sampling of c’ and φ’ with the assumptions
G1, G2 and G3 are shown.
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Table 2. Geotechnical key parameters derived for 13 samples taken from the continental deposits
in the Collazzone study area (see Fig. 4b for the location of the sites). γd = dry specific weight
(kN/m³), c' = effective cohesion (kN/m²), φ' = effective angle of internal friction (degree). Arithmetic mean μ and standard deviation σ are listed for each lithologic class. *Outliers, excluded from
the statistics.
Lithological class
Upper sands

ID
3

14.7

μ

14.7

4*
6
σ

Lower sands

1
2
7
8
9
μ

σ
Silt and clay

5

11
12
13
μ

σ

Mixed deposits

γd

10*

c'
0.0

31.8

2.3

33.5

15.8

24.5

–

3.2

–

17.5
15.3
17.6

4.5
0.0
0.0
0.0

16.2

11.0

–

4.9

15.8
16.5
16.8
15.6
14.3

5.7
3.3
2.8
6.7
8.3

14.6

13.2

15.9

13.1

15.3
–

φ'

7.8
4.3

25.9
35.1
2.3

40.1
33.6
35.4
21.3
26.5
31.4
7.5

30.1
27.6
18.1
20.5
24.1
5.7

42.4

Each of the three above assumptions is combined with each of three assumptions of moisture status and seepage direction:
H1

Dry material.

H2

Fully saturated material (saturated water content θs = 40 vol.-%) and slope-parallel seepage.

H3

Fully saturated material (θs = 40 vol.-%) and layer-parallel seepage. Seepage direction and
slope are determined from the average slopes in x and y direction derived from all layers.

As a result, r.slope.stability is run with nine combinations of geotechnical and geohydraulic parameterizations. All computations are run with a pixel size of 10 m. The average number of ellipsoids touching each pixel is set to 10,000. The statistical sample size n used for the geotechnical
parameterization is set to 10².
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4 Results and discussion
4.1 Spatial patterns and validation of FoS and Pf
Fig. 7 shows the spatial distribution of slope stability in the Collazzone study area. We decide to
use the assumption G3 (dependence of c’ and φ’) as basis. Comparing the Figs. 7a and 7b makes
clear that the assumption of slope-parallel seepage (H2) leads to more conservative results, compared to the assumption of layer-parallel seepage (H3). Further considering the results yielded
with H2, the patterns of μFoS, in general, correspond to those of Pf (see Fig. 7c). σFoS (see Fig. 7d)
displays particularly high values in areas with high values of μFoS, which are less relevant in terms
of landslide susceptibility. In those areas where μFoS < 1.3, σFoS hardly exceeds values of 0.5.

Figure 7. Spatial patterns of deep-seated slope stability in the Collazzone study area, computed
with r.slope.stability based on assumption G3. (a) and (b) Pf computed with the assumptions of
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slope-parallel (H2) and layer-parallel seepage (H3), (c) μFoS and (d) σFoS, both computed with the
assumption H2.
The edges of the study area are not considered for validation since, for geometric reasons, they are
covered by a smaller number of sliding surfaces than the remaining area. A strip with a width of
320 m (slightly larger than the largest ellipsoid dimension, see Table 1) is therefore cut off (see
Fig. 7). Table 3 summarizes the validation scores obtained with all nine combinations of G1, G2,
G3, and H1, H2, H3. As a reference, we first consider the combination of the assumptions G3 and
H2: whilst 9.7% of the validation area is affected by deep-seated landslides, μFoS < 1 for 15.2% of
the area. However, only 1.8% represents true positive (TP) predictions, where observed landslides
coincide with areas of μFoS < 1. 13.4%, in contrast, represents false positive (FP) predictions, where
areas without observed landslides coincide with areas of μFoS < 1. 76.9% of the area represents true
negative (TN) predictions, where μFoS ≥ 1 for areas without observed landslides. Finally, 7.9% of
the area represents false negative (FN) predictions where μFoS ≥ 1 for observed landslide areas.
Even though the area with μFoS < 1 is larger than the area with observed landslides, the prediction
is characterized as rather non-conservative. Moreover, we conclude that the prediction is very
poor and, in this specific case, μFoS alone is unsuitable to describe the slope stability conditions in
the validation area.
Table 3. Summary of the validation scores of all nine model runs, based on μFoS+σFoS, μFoS, μFoS–
2σFoS, and μFoS–2σFoS. All values are given in %. TP, TN, FN, and FP relate to the entire validation
area.
Model run
G1, H1

G1, H2

G1, H3

G2, H1

G2, H2

FoS value
μFoS+σFoS
μFoS

μFoS–σFoS

μFoS–2σFoS
μFoS+σFoS
μFoS

μFoS–σFoS

μFoS–2σFoS
μFoS+σFoS
μFoS

μFoS–σFoS

μFoS–2σFoS
μFoS+σFoS
μFoS

μFoS–σFoS

μFoS–2σFoS
μFoS+σFoS

TP

TN

FN

FP

TP/OP

FP/ON

0.1

0.0

0.1

0.0

90.3

9.7

0.0

0.1

88.9

9.5

1.5

0.0
3.2
0.3
1.4
5.6
9.3
0.1
0.6
3.5
8.7
0.0
0.0
0.2
3.9
0.4

90.3
69.6
87.6
79.4
56.2
25.7
89.4
85.0
68.1
32.9
90.3
90.3
88.3
65.5
87.1

9.7

0.0
1.0

0.0
1.7

6.5

20.8

33.0

23.0

8.2

11.0

14.6

12.2

0.3

64.6

96.9

71.5

9.3
4.1
9.5
9.0

2.7

34.1
1.0
5.4

3.1

57.7
1.0
6.3

3.0

37.8
1.1
6.0

6.2

22.2

36.1

24.6

9.7

0.0

0.0

0.0

1.0
9.6
9.4
5.7
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μFoS

μFoS–σFoS
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G3, H1
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66.5

96.9

73.6

6.2
0.2
0.7
4.0
9.0
0.0
0.0
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7.1

52.8
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64.9
28.8
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79.9
84.7
76.9
59.5
34.4
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70.7
46.9

3.4
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37.6
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6.4
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41.6
1.3
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5.6

25.5

41.7
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0.0

0.7
9.6
9.6
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0.1
1.1
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0.0
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8.2
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13.4

18.6

14.8

0.7
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9.0
4.7
9.3
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5.6

30.9
2.7
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19.7
43.4

7.2

51.5
3.1
8.3

32.0
73.2

6.2

34.2
3.0
7.9

21.8
48.1

In Fig. 8, TP, TN, FN and FP are plotted as ratios of the observed positives (OP, 9.7%) and observed negatives (ON, 90.3%) for various model runs. Fig. 8a-c compare the results for the assumptions G1, G2, and G3, all in combination with H2, in terms of μFoS, μFoS+σFoS, and μFoS–σFoS. Obviously, for all tested parameterizations, μFoS+σFoS yields the least conservative results, whilst μFoS–σFoS
yields the most conservative results. The success of the predictions is highest with μFoS–σFoS even
though, only half of the observed landslide areas are correctly predicted (TP = 5.0%, FP = 30.9%).
Considering μFoS–2σFoS (see Table 3; not shown in Fig. 8) would lead to extremely conservative
results, with almost all observed landslide areas correctly predicted (for G3 and H2: TP = 8.9%,
92.7% of OP), but at the cost of very high false alarm rates (FP = 55.9%, 61.9% of ON).
In general, higher rates of FP predictions are less problematic for the quality of the model results
than higher rates of FN predictions. FP predictions may be assigned to (i) areas which have not yet
failed, but may fail in the future, (ii) have failed a long time ago and are not included in the landslide inventory, (iii) represent mapping errors or (iv) indicate a model failure. In contrast, FN always represent a model failure, with the exception of areas mapped as landslides, but not being
actually part of the release area of a landslide.
Considering the three statistical signatures of FoS, Fig. 8a–c show that the general patterns do not
change significantly when varying the geotechnical parameterization. The prediction is most con-
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servative when assuming an exponential PDF for c’ (G2) as this puts a higher weight on low values
of c’ (see Fig. 8b; Mergili et al., 2014b). However, as the influence of c’ on FoS decreases with the
depth of the failure plane, this effect is much less pronounced than it would be for shallow landslides. Assuming a dependence of c’ and φ’ (G3) leads to the least conservative results (see Fig. 8c),
as this setting excludes combinations of very low values of the two parameters. Also here, this
effect is less pronounced for deep-seated landslides than it would be expected for shallow landslides.

Figure 8. Radar charts illustrating TP, TN, FP and FN for selected model runs, related to the observed positives (OP) and observed negatives (ON). (a)–(c) μFoS, μFoS–σFoS, and μFoS+σFoS computed
for assumption H2, based on the assumptions G1, G2, and G3. (d) μFoS–σFoS for the assumptions H1,
H2, and H3, based on the assumption G3.
Considering μFoS–σFoS, Fig. 8d confirms that H2 leads to more conservative results than H3 (see
Fig. 7a and b). The least conservative result for dry conditions (assumption H1), where no landslides are expected, confirms the plausibility of the parameterization of the model.
Fig. 9 shows the ROC (Receiver Operating Characteristic) curves for all nine assumptions, relating

Pf to the observed landslides. The ROC curve connects points defined by the false positive rate
(FP/ON) and the true positive rate (TP/OP) for a number of values (threshold levels) of the variable of interest (in this case, Pf). A straight line would represent a random (failed) prediction. The
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area under the ROC curve, AROC, indicates the quality of the prediction. Whilst AROC = 0.5 indicates model failure, AROC = 1.0 (theoretically) indicates a perfect prediction. However, in the case
of landslide susceptibility modelling, AROC = 1.0 would represent an overfit, simply reproducing
the landslide inventory. Such an outcome would fail to point out areas where landslides were not
yet observed, but could happen in the future, and would therefore be useless as a landslide susceptibility map. The ROC curves in Fig. 9 confirm and complement the patterns shown in the Figs. 7
and 8. Whilst the predictive capacity of the model is lowest with H1 (where no landslides are expected), it is highest with H2. The geotechnical parameterization plays a minor role for the predictive capacity of the model: for H2, AROC only ranges from 0.650–0.656. For H1 and H3, G3 (see
Fig. 9c) leads to a lower predictive capacity than the other assumptions (see Fig. 9a and b) which
is, at least in the case of H1, not relevant as no landslides are expected in these conditions.

Figure 9. ROC plots indicating the predictive capacity of Pf for all combinations of geometric parameterization and hydraulic status. (a) G1, (b) G2, (c) G3. Random predictions, indicating model
failure, would be associated to AROC = 0.5.
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4.2 Relationship between configuration of lithological layers, model results, and
model performance
For G3 with slope-parallel seepage (H2) the highest average value of Pf is obtained for areas with
cataclinal overdip of the lithologic layers (Table 4; see Fig. 5). This result is in line with the highest
relative area of deep-seated landslides (15%) observed for this type of configuration. However, as
it is also associated with significantly steeper slopes (16.42°) than those observed in areas with
other types of configurations, we cannot confirm a direct relationship between the higher landslide incidence and modelled susceptibility and this type of lithologic configuration. Table 4 further reveals that the average value of Pf is comparatively high (0.37) also for areas with anaclinal
configuration where the average slope remains at a moderate level (11.75°). However, the modelled patterns are not confirmed by the observation, as only 9% of the areas with anaclinal configuration of the lithologic layers were identified as affected by deep-seated landslides. In contrast,
areas with cataclinal dip, characterized by relatively flat terrain (8.40°), display a low average value of Pf (0.14), compared to the area of observed deep-seated landslides (13%).
For G3 with layer-parallel seepage (H3), the averages of Pf for most lithologic configurations
roughly assume half the values of those obtained with slope-parallel seepage (H2; see Table 4). The
difference is less striking for areas with cataclinal underdip (0.16 with H2, compared to 0.19 with
H2). These findings only partly confirm the expected outcome that the results yielded with H2
and H3 should be comparable for cataclinal configurations whilst H2 should yield higher values
than H3 for anaclinal configuration. This mismatch, observed particularly for areas with cataclinal
dip, may be explained by the fine-scale patterns of the lithologic configurations (see Fig. 5), resulting in a large number of tested ellipsoids touching areas with two or more types of configurations.
We further note that, considering only the areas where the lithological configuration is defined
(i.e., excluding mixed deposits and consolidated rock, the remaining areas largely representing
those where landslides are abundant, see Fig. 4b,), the overall quality of the prediction decreases.
For slope-parallel seepage, the values of AROC range between 0.58 and 0.59 (AROC = 0.65–0.66 for
the entire study area, see Section 4.1).
Table 4. Average and standard deviation of observed deep-seated landslide area, Pf computed for
G3, H2 and G3, H3, and slope for each configuration of the lithological layers (see Fig. 5).
Configuration
Anaclinal

Area
8.3 km²

Orthoclinal

23.6 km²

Cataclinal underdip

1.3 km²

Cataclinal overdip
Cataclinal dip

2.5 km²

11.7 km²

Relative area with
observed deepseated landslides

Pf for G3,
H2

Pf for G3,
H3

Slope

0.09±0.28

0.37±0.38 0.20±0.31 11.75±7.25°

0.15±0.36

0.43±0.34 0.22±0.28 16.42±5.91°

0.10±0.30
0.09±0.29
0.13±0.34

0.26±0.31 0.13±0.23 10.30±6.22°
0.19±0.24 0.16±0.21
0.14±0.23 0.07±0.15

7.42±4.07°
8.40±3.51°

Appendix A18 – GIS slope stability modelling in complex geology 539

5 Conclusions
We have tested an application of the 3D (strictly speaking, 2.5D) GIS-based sliding surface model
r.slope.stability for deep-seated landslide susceptibility modelling in the 89.5 km² Collazzone
study area in Umbria, central Italy. The main innovative aspect of the work consists in including
the configuration of the geological layers in the slope stability computation over a large area. Validation of the model results in terms of mean and standard deviation of FoS, μFoS and σFoS, and slope
failure probability, Pf, have led to the following key findings:
1. Given the complexity of the issue, the model, with the tested parameter assumptions,
proves partly successful in reproducing the observed deep-seated landslide areas. Whilst
there is certainly a signal in the model results, the prediction rates remain at a moderate
level. With slope-parallel seepage assumed, Pf yields an area under the ROC curve

AROC = 0.65–0.66, depending on the geotechnical parameterization. AROC decreases to 0.58–
0.59 when considering only those lithogic classes where landslides are abundant. The finescale intermingling of areas with different lithologic configurations impedes a meaningful
separate interpretation of the model results for each type of configuration.
2. A single value of FoS, in terms of its mean μFoS, fails to reproduce the observed patterns of
deep-seated landslides in the Collazzone area. This reflects the high spatial variability of
the geotechnical parameters and underlines the necessity to build the analysis on multiple
combinations of c’ and φ’ statistically sampled within their constraints.
3. The way how the geotechnical parameters are statistically sampled has a moderate impact
on the absolute validation results in terms of TP, TN, FP and FN predictions. Furthermore,
the way of sampling influences to a minor extent the predictive capacity of the computed

Pf in terms of AROC. These statements are valid for deep-seated rather than for shallow
landslides. We conclude that a further improvement of the predictive capacity of this type
of model will require a better understanding of the small-scale variation of the geotechnical conditions rather than the development of more sophisticated statistical procedures
for model parameterization.
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Resumen
Los procesos de remoción en masa son agentes geomorfológicos comunes en la región Andina. La
inadecuada mitigación del riesgo asociado a estos procesos puede generar desastres naturales con
un gran número de víctimas e impacto económico. La ocurrencia y características de los procesos
de remoción en masa son determinadas por la interacción de varios factores tales como la geología,
topografía, clima y actividades antropogénicas en una determinada área. El rol de las características
geográficas en la generación de procesos de remoción en masa y sus impactos en la vasta región
Andina se manifiesta en el contraste de áreas climáticas, geomorfológicas y socio-económicas. Colombia con su clima húmedo-tropical es uno de los puntos globales más vulnerables al riesgo de
movimientos en masa: los deslizamientos y los flujos accionados por precipitaciones intensas,
frecuentemente asociadas a eventos La Niña, o la interacción del hielo en volcanes, han afectado a
millares de personas. Las caídas de rocas y los flujos de detritos en el árido y escasamente poblado
Centro-Oeste Argentino están generalmente asociados a eventos climáticos El Niño, resultando
una amenaza principalmente para las rutas principales. A pesar del contraste climático, terremotos
de magnitudes importantes han generado grandes colapsos en ambas regiones andinas.

Región Andina, Procesos de remoción en masa, Peligros geológicos
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Abstract
Landslide processes are common geomorphic agents in the Andean region. If the related risk is not
mitigated adequately, disasters with huge numbers of fatalities and economic damage may be the
consequence. The occurrence and characteristics of landslide processes are determined by the interaction of geological, topographic, climatic and anthropogenic factors in a given area. The understanding of geographic differences in landslide processes and impacts in the diverse Andean
region therefore profits from the comparison of climatically, geomorphologically and socioeconomically contrasting areas. The humid-tropical Colombia is one of the global hot spots of
landslide risk: slide and flow processes triggered by rainfall, often associated with La Niña events,
or volcano-ice interactions have repeatedly affected thousands of people. Rock falls and debris
flows in the arid, sparsely populated Central Western Argentina are often associated with El Niño
events and pose a threat mainly to roads. Major earthquakes have triggered large landslide processes in both study areas.

Andean region, Landslide processes, Geohazards

1 Introducción
Muchas partes de la región Andina, reconocida por su actividad sísmica y volcánica, se caracterizan por su abrupta topografía con pronunciadas diferencias de elevación en pequeñas distancias y
más aún, por la alta energía del relieve. Una gran variedad de procesos geomorfológicos contribuyen a la reducción de estos desequilibrios energéticos, i.e. erosión y transporte de sedimentos
de los ríos. Un medio muy eficaz de transporte son los movimientos gravitacionales en masa, incluidos los flujos, deslizamientos o caídas de rocas, detritos, barro o tierra. Mientras que el agua es
a menudo un importante agente de tales movimientos, la gravedad es por lo general, la fuerza
dominante. A pesar de que el deslizamiento no es siempre el tipo de movimiento dominante, este
concepto es utilizado a menudo como sinónimo de movimiento de masas gravitacionales. Los procesos de remoción en masa en la región Andina han sido objeto de una amplia investigación, ejemplos de ello han sido proporcionados por Schuster & Highland (2001) y Schuster et al. (2002), centrándose principalmente en eventos desastrosos.
Las condiciones naturales para el desarrollo de procesos de remoción en masa varían considerablemente de un lugar a otro, específicamente en cuanto a topografía, geología, actividad sísmica y
volcánica, clima y vegetación; lo mismo ocurre con el grado y la forma de intervención antrópica.
En este artículo se compararán en profundidad las correspondientes causas, mecanismos, características e impactos de los procesos de remoción en masa en dos áreas contrastantes de la región
Andina: en Colombia la región húmedo-tropical y en Argentina, la zona subtropical- árida del
centro-occidental. La revisión de la literatura existente se combina con los resultados de la investigación primaria realizada por los autores. Junto a la revisión de desastres ocurridos por deslizamientos históricos, la discusión de las semejanzas y diferencias entre estos procesos, será posi-
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ble una mejor comprensión de la variación geográfica de los procesos de remoción en masa y los
impactos que generan en la región andina.

2 Revisión de desastres históricos producidos por eventos de
remoción en masa
2.1 Estadística de desastres por eventos de remoción en masa
Procesos de deslizamiento de gran magnitud, en términos de volumen o área afectada, ocurren
menos frecuentemente que eventos más pequeños (baja magnitud); esta es una regla válida para
muchos tipos de procesos en la naturaleza. A pesar de que se cree que eventos de gran magnitud
afectarían a un mayor número de personas que eventos de menor intensidad, no existe una relación lineal al respecto; si eventos de gran magnitud ocurren en áreas escasamente pobladas, sin
personas o bienes económicos expuestos, el riesgo y por tanto, el impacto, es nulo. Por otra parte,
eventos de deslizamiento no son vistos sólo como un desastre natural, sino que también como un
desastre socioeconómico, causado por la falta de estrategias de mitigación (Felgentreff & Glade,
2008).
La figura N°1 muestra curvas de magnitud-frecuencia para desastres por remoción en masa, tanto
en la región Andina como en el mundo. Asimismo, se presentan curvas para desastres naturales a
nivel global. La magnitud es representada por el número de víctimas mortales; mientras las gráficas
para desastres de remoción en masa en el mundo y en la región Andina son casi idénticas, el
número de desastres naturales es dominado por un pequeño número de graves epidemias, sequías e
inundaciones, que alcanzan 1 millón de víctimas fatales (EM-DAT, 2011). Igualmente, los deslizamientos muy grandes, afectan generalmente áreas más pequeñas que las inundaciones, las sequías o epidemias.
La Base de Datos Internacional de Desastres (EM-DAT) considera solo eventos con al menos 10
víctimas mortales, 100 personas afectadas, la solicitud de ayuda internacional y/o la declaración de
estado de emergencia. Sin embargo, los datos pueden estar sesgados por un número significante de
desastres no considerados, particularmente aquellos ocurridos en áreas remotas en los primeros
años del siglo XX. El cuadro N°1 resume los desastres por deslizamientos ocurridos en cada país de
la región Andina. Colombia y Perú son por lejos, los países más afectados con un mayor número de
víctimas fatales. Estos resultados concuerdan con lo expuesto por Nadim et al. (2006), quienes señalaron que la parte noroeste de Sudamérica es a nivel mundial, una de las zonas más propensas a
los riesgos por remoción en masa La Base de Datos Internacional de Desastres (EM-DAT), entrega
también información sobre el número de personas afectadas y el daño económico asociado, sin
embargo, la información es incompleta y no abierta públicamente.
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Figura N° 1 – Comparación región Andina- resto del mundo: Curvas de Magnitud-Frecuencia de
desastres naturales en general y por remoción en masa en particular, periodo 1901- 2011. Fuente:
EM-DAT (2011).
Cuadro N° 1 – Número de desastres por deslizamiento y víctimas fatales en cada país Andino, periodo 1901- 2011. Fuente: EM-DAT (2011)
País
Argentina
Bolivia
Chile

Colombia

N de
eventos

N de
víctimas
fatales

6

218

3
4

41

Relación
F/D

79

26.33

3,171

77.34

229

36.33
57.25

País
Ecuador
Peru

Venezuela
Total

N de
eventos

N de
víctimas
fatales

33

10,512

13
4

104

1,106
164

15,479

Relación
F/D

85.08

318.54
41

El número de victimas no está en relación directa con la cantidad de desastres naturales, sino más
bien con la magnitud de esos eventos en cuanto a volumen, área afectada y alcance, jugando un rol
fundamental la vulnerabilidad de las comunidades andinas. La localización de la población, así
como las medidas preventivas, entre ellas la preparación de las comunidades ante los peligros naturales, son clave. Por ejemplo, en el caso de Perú, las principales ciudades se encuentran en dominio
montañoso, lo cual explica el alto número de víctimas registradas en este país.

2.2 Cadena de procesos y desastres por deslizamientos
El número de víctimas fatales y daños causados por un evento específico a menudo varían, dependiendo de la fuente de datos. Por otra parte, mucho de los movimientos en masa están involucrados en las cadenas de procesos, que incluyen terremotos, erupciones volcánicas o inundaciones.
Los deslizamientos son por tanto, no siempre considerados como eventos individuales, por lo cual
algunos de los mayores desastres producidos por esta causa en la región Andina, no están incluidos
en las estadísticas mostradas en la Figura N°1 y Cuadro N°1. Tres de los mas desastrosos eventos de
movimientos en masa en la región Andina desde 1901, no son definidos como deslizamiento en la
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base de datos EM-DAT: el evento de Armero en 1985 es considerado como desastre volcánico, el
evento de Huascarán en 1970 es considerado como consecuencia del terremoto y el evento de Vargas de 1999 como una inundación (Cuadro N° 2). La transición desde un flujo de detritos, el cual
puede ser considerado como un proceso de remoción en masa, a una inundación es gradual; por lo
tanto no hay forma de distinguir el número de personas víctimas de cada uno de estos procesos
individualmente. El evento de Vargas de 1999 es un ejemplo de ello, donde las inundaciones se
combinaron con múltiples deslizamientos producidos por el desencadenamiento de lluvias que
generaron flujos de detritos (Proyecto Multinacional Andino, 2007).
Cuadro N° 2 – Desastres por deslizamiento en la región Andina con mayor número de víctimas
fatales, periodo 1901-2011. Fuente: (1) EM-DAT (2011), (2) Evans et al. (2009), (3) Avila et al.
(1995), * incluye víctimas fatales por inundación, ** incluye víctimas fatales por el terremoto desencadenante del evento
Año

País

Evento

1999

Venezuela

Vargas: deslizamientos y flujo de
detritos

1970

Perú

Huascarán avalancha de roca, flujo
de detritos: (Yungay)

1985
1941
1994
1962
1987
1971

Colombia
Perú

Colombia
Perú

Colombia
Perú

Nevado del Ruiz: lahar (Armero)
Huaraz: flujo de detritos

Páez: deslizamientos y flujo de detritos

Huascarán: avalancha de roca, flujo
de detritos (Ranrahirca)
Villatina: deslizamiento (Medellín)
Chungar: deslizamientos y ola de
inundaciones

Agente desencadenador

Precipitaciones
Erupción volcánica
Terremoto

Falla de represa
natural
Terremoto

Desconocido

Fugas de canal
Desconocido

Número de
víctimas
fatales

30,000* (1)
21,800 (1)
6,000 (2)
5,000 (1)

1,100** (3)
650 (2)
640 (1)
600 (1)

Otra cadena de procesos destructivos se desarrolló por una erupción relativamente menor del Nevado del Ruíz (5321 m) en la Cordillera Central de Colombia: el derretimiento parcial de los
casquetes de hielo del volcán, generó una gran cantidad de agua que movilizó gran parte de los
piroclastos de las laderas del volcán, desencadenándose un lahar que se desplazó varios kilómetros,
destruyendo la ciudad de Armero y otros asentamientos humanos (Lowe et al., 1986; Thouret et al., 2007). Previamente, el área fue designada como una zona de alto riesgo, sin embargo, no
se tomaron medidas adecuadas Voight, 1990). Los lahares son fenómenos comunes, particularmente en las zonas húmedas de los Andes, desencadenados por el derretimiento de casquetes de hielos
durante la erupción de estratovolcanes o por precipitaciones.
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Por su parte, otro tipo de interacciones entre procesos incluyen también casquetes de hielo: el
evento de Huascarán (1970) en la Cordillera Blanca, Perú, se inició por una avalancha de rocas
producida por un terremoto en una ladera del Nevado Huascarán (6768 m). El deslizamiento arrastró una gran cantidad de material y se convirtió en un flujo de detritos y barro, que recorrió
20 km a más de 300 km/h. Parte importante del material fue depositado en el cono de detritos en el
sector de Ranrahirca, el cual había ya sido destruido por un evento similar 8 años antes. Asimismo,
debido a su alta energía, parte del material sepultó la ciudad de Yungay (Schuster et al., 2002; Evans et al., 2009).
La cadena de procesos, a menudo aumenta la magnitud de los eventos de deslizamiento y causa
efectos secundarios, más severos que los propios deslizamientos. En 1971, la ciudad minera de
Chungar (Perú) fue destruida por una inundación desencadenada por una avalancha de rocas en un
lago. La rotura de una represa contenedora de morrenas en la Cordillera Blanca en 1941 desencadenó un flujo de detritos que devastó la ciudad de Huaraz (Schuster et al., 2002). Por su parte, las
inundaciones repentinas de lagos glaciares son un problema generalizado en la Cordillera Blanca
(Carey et al., 2005; Hegglin & Huggel, 2008) y en el sur de los Andes (Worni et al., 2010). En el
2010, una avalancha de hielo impactó un pequeño lago glaciar en la Cordillera Blanca. La resultante ola de inundación rebasó la presa y causó daños y algunas muertes aguas abajo (Haeberli et al., 2010). El riesgo había sido ya identificado y el nivel del lago disminuido por un túnel de
drenaje, de otra forma el daño causado habría sido probablemente mucho mayor.
Tan pronto como los deslizamientos sean eventos suficientemente extendidos, cuyos depósitos
pueden bloquear valles enteros, pueden asimismo desbordar lagos. La mayoría de los lagos afectados por deslizamientos, drenan un año después de su formación (Costa & Schuster 1988), causando
potenciales peligros de olas de inundación. Los dos ejemplos más significativos de este evento desencadenante y de una serie de procesos asociados, son el evento de Mayunmarca (Perú 1974) y La
Josefina (Ecuador 1993). La presa de Mayunmarca falló después de 43 días, en el caso de La Josefina, después de 33. En ambos casos, las resultantes olas de inundación fueron previstas; a pesar de
la gran destrucción causada aguas abajo, no se registraron víctimas fatales debido a la evacuación
oportuna de las zonas de riesgo (Schuster et al. 2002).

3 Procesos de remoción en masa y su impacto en las áreas densamente
pobladas de los Andes húmedos tropicales Colombianos
3.1 Situación general
Las montañas de Colombia, ubicadas en la parte norte (tropical) de la región Andina, se divide en
tres cadenas paralelas (Cordillera, Oriental, Central, Occidental). Estas se encuentran separadas por
dos valles longitudinales de grandes dimensiones y se caracterizan por su gran actividad sísmica. La
Cordillera Central posee varios estratovolcanes activos, de los cuales cuatro poseen un casquete de
hielo; el Nevado del Ruíz es el de mayor altura con 5364 metros sobre el nivel del mar. Mientras
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los valles longitudinales reciben intensas precipitaciones estacionales, las zonas más altas de la cadena montañosa son extremadamente húmedas durante todo el año.

Figura N° 2 – Factores que aumentan la incidencia de procesos de deslizamiento en Colombia

Figura N° 3 – Localización de los ejemplos de deslizamiento en Colombia
De todos los países Andinos, Colombia es uno de los más afectados por procesos de deslizamiento
(ver Cuadro N°1). De igual forma es a nivel global, uno de los hot spots de riesgos más importante
(Nadim et al., 2006). Para algunos sectores, se ha identificado un riesgo mayor a 0,01 víctimas fa-

552 Appendix A19 – Remociones en masa en la región Andina

tales por año/km2. Las causas que producen este fenómenos pueden ser agrupadas en cuatro factores principales: (1) clima tropical húmedo, (2) actividad sismo – tectónica, (3) actividad volcánica, (4) crecimiento urbano en pendientes abruptas. La susceptibilidad al desarrollo de un evento de
remoción en masa es determinada por una compleja interrelación de todos los factores mencionados (Figura N°2). El desencadenamiento de procesos de deslizamiento ocurre usualmente por eventos específicos que intervienen el equilibrio dinámico de las pendientes. La figura N°3 muestra la
localización de los ejemplos anteriormente citados.

3.2 Clima Húmedo Tropical
Colombia se encuentra en la Zona de Convergencia Intertropical, la cual se caracteriza por sus
altas temperaturas durante todo el año y dos marcadas temporadas lluviosas. Las fuertes precipitaciones y un alto porcentaje de procesos geomorfológicos exógenos debidos al clima tropical húmedo, han evitado el desarrollo de una topografía muy abrupta (pendientes muy pronunciadas se
encontrarían en desequilibrio). Sin embargo, debido a rápidos procesos erosivos y deslizamientos
naturales típicos de esta área, el relieve ha sido modelado y sus formas suavizadas. Junto a la densa
vegetación superficial que estabiliza las pendientes, la topografía controla la ocurrencia de
diferentes tipos de deslizamientos: caída de rocas son solo relevantes en cañones pronunciados y en
cadenas montañosas muy pronunciadas, donde las glaciaciones del Pleistoceno han jugado un rol
importante en la evolución del paisaje. Este último es el caso de la Cordillera Blanca en Perú (1970,
evento en Huascarán) y en un grado mucho menor, el resto de Colombia. Aquí los procesos de
deslizamientos y flujos son los dominantes. Planos de deslizamiento pueden formarse a lo largo de
fallas tectónicas o en diaclasas producidas por la erosión (Figura N°4), mientras que los flujos se
producen mayoritariamente en depósitos residuales de materiales piroclásticos erosionados, a
menudo en combinación con agua. Lo que inicialmente empieza como un deslizamiento, se transforma rápidamente en un proceso de flujo. Los procesos de remoción en masa ocurren a menudo
como una combinación de flujo y deslizamiento, los que pueden alcanzar diversas velocidades.
Movimientos relativamente lentos pueden causar también daños considerables, como ocurrió en el
evento de San Cayetano en la Provincia de Cundinamarca.
A pesar de que los sistemas morfológicos de Colombia (y por consiguiente, las pendientes) están
adaptadas a la alta disponibilidad de agua, debido a abundantes montos de precipitaciones, eventos
excepcionales de precipitaciones (ya sea por duración y/o intensidad) pueden perturbar el equilibrio del sistema y por consiguiente desencadenar procesos de deslizamiento. Las fuertes o prolongadas precipitaciones son por lejos, el factor desencadenante de deslizamientos más importante en
Colombia. Un ejemplo de ello, es el evento de 1999 en San Cayetano, el cual muestra como la interacción de condiciones geológicas y un evento desencadenante de precipitaciones extremas, 219
días de precipitaciones ininterrumpidas, permitió la movilización de los suelos arcillosos de la zona. Este complejo movimiento comprendió diferentes tipos de deslizamientos, que tuvo como resultado la licuefacción del suelo de un área aproximada a los 2km2. Aunque la velocidad del evento
fue moderada (centímetros- metros por día) y no se produjeron víctimas fatales, la destrucción
causada fue considerable y forzó la migración de más de 5000 personas. El área, es en general sen-
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sible a movimientos en masa de este tipo; el evento de 1999 fue una reactivación de un deslizamiento ocurrido 50 años antes. En total 10 km2 fueron afectados por este evento. Este tipo de
licuefacción del suelo, en suelos compuestos de material arcilloso, son comunes en otras partes del
mundo; otro ejemplo destacado es el evento de Gschliefgraben, en Austria (Weidinger et al., 2011).
Este evento fue resultado de un periodo lluvioso que tuvo una duración de varios meses, para este
tipo de movimientos en masa profundos son a menudo los largos periodos lluviosos los que actúan
como evento desencadenante, y no eventos breves de fuertes precipitaciones.
En el área de Medellín, hay fuertes evidencias de un aumento de la ocurrencia de deslizamientos,
durante años Niña, con significativos montos promedio de precipitaciones, mayores que en los
años Niño (Klimeš & Ríos Escobar, 2010). Este mismo comportamiento es homologable en numerosas partes de los Andes Colombianos. El evento la Niña de 2010/2011 se caracterizó por intensas
inundaciones y deslizamientos, que afectaron tanto zonas agrícolas, como la conectividad por tierra. La carretera principal de Bogotá a Manizales fue seriamente dañada por deslizamientos que se
extendieron hasta el mes de Julio de 2011.

a

b

Figura N° 4 – Deslizamientos de tierrra- flujo de detritos en rocas erosionadas en la parte alta del
Valle del Cauca (a) y en el Valle de Magdalena, cerca de Girardot (b). Fuente: Mergili, 2011.

3.3 Actividad sísmica y tectónica
Los movimientos sísmicos son otro importante evento desencadenante de procesos de deslizamiento. Scott et al. (2001) proveen una detallada revisión del evento Páez (1994), basándose
en una exhaustiva selección de referencias bibliográficas. Un sismo de 6.5 grados de magnitud desencadenó múltiples deslizamientos y avalanchas de detritos en la Cordillera Central, en la ladera
sur del volcán Nevado del Huila. En un área de 100m2, aproximadamente 50% de la ladera se
desplomó. Más de 3000 deslizamientos individuales, con una profundidad de 3 a 7 metros, fueron
registrados (Avila et al., 1995). La presencia de capas de depósitos piroclásticos pobremente consolidadas y la saturación del terreno debido a las precipitaciones recientes fueron probablemente los
mayores factores condicionantes en este caso. A pesar de que la mayoría de los deslizamientos no
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fueron de tamaño considerable, estos se fusionaron en un gran flujo de detritos, conocido como “La
Avalancha”, la que tuvo un espesor de entre 40 a 60 metros. El flujo continuó su trayecto aguas
abajo por más de 30 km a una velocidad de entre 15 a 25 m/s con una descarga máxima de 100
m3/seg. Este flujo de detritos provocó 1000 víctimas fatales y una gran destrucción en las comunidades de Dublín, Irlanda, Tóez y Belalcázar. Debido a la rápida secuencia de evento sísmicodeslizamiento-flujo de detritos, no fue posible distinguir cuantas víctimas fatales son atribuibles a
cada evento; sin embargo, se cree que “La Avalancha” fue más destructiva. Una cadena de procesos
comparable, fue producida por el terremoto en Wenchuan (China), donde la ciudad fue destruida
por una secuencia de movimientos telúricos y varios tipos de movimientos en masas (Yin et al.,
2009).
No obstante, la historia sismo-tectónica del país es aún más relevante, dado que contribuye a una
mayor disposición a la ocurrencia de estos eventos, debido a la presencia de masas de rocas fracturadas y desestabilizadas, las que pueden ser fácilmente removidas en el caso de eventos de precipitación intensa. Este fenómeno no solo es reconocido en la región Andina, sino que también en
otras áreas de actividad sísmica activa en el mundo (i.e., Lin et al., 2003). En Colombia, las rocas
fracturadas por la larga historia sísmica del área, están involucradas en el desencadenamiento de
procesos de deslizamiento como factor condicionante.

3.4 Actividad volcánica
La actividad volcánica juega un rol igualmente importante, produciendo lahares en los cuatro volcanes con casquetes de hielo existentes en el país, los cuales constituyen un peligro natural. Ejemplo de ello es el desastre del Nevado del Ruíz – Armero en 1985, descrito anteriormente. En el
2007, después de un largo periodo de inactividad, el volcán Nevado del Huila comenzó a reactivarse. La actividad geotermal y las erupciones afectaron el casquete de hielo, generando lahares
que llegaron al valle del río Páez (Worni et al., en prensa). El lahar del 2008 fue comparable en
volumen al flujo de detritos de 1994 (ver más abajo) y causó una gran destrucción. Sin embargo, el
peligro asociado a una posible erupción del Nevado del Huila era conocido (Huggel et al., 2007) y
luego de la experiencia del evento del Nevado del Ruiz en 1994, un sistema de alerta temprana fue
instalado, así que el número de víctimas fatales fue considerablemente menos (sólo diez personas).
En algunos lugares, la actividad volcánica ha desarrollado una cubierta densa y pobremente consolidada de material piroclástico, el cual puede ser fácilmente movilizado si un evento desencadenante se produce. El rol de las capas piroclásticas para el evento Páez de 1994, fue descrito
anteriormente. Estos depósitos provocan también una alta frecuencia de eventos de deslizamiento
generados por precipitaciones en el valle de Combeimba, en los alrededores del volcán Nevado del
Tolima. Aquí también se instaló un sistema de alerta temprana (Huggel et al., 2010). Asimismo,
depósitos piroclásticos han producido constantemente deslizamientos en la ciudad de Manizales
(Terlien, 1997). En el año 2003 las fuertes precipitaciones condujeron a un aumento de la presión
de los poros en la interfase entre la capa superficial y el lecho de roca subyacente, formando un
plano de deslizamiento, el cual generó un flujo de detritos de 2400 m3 que produjo 16 víctimas
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fatales y destruyó ocho casas (Ojeda & Donnelly, 2006). El mismo evento excepcional de precipitaciones causó más de 200 deslizamientos en el área de Manizales. Ríos & Hermelin (2004) reportaron sobre deslizamientos en las cenizas volcánicas desencadenadas por el terremoto de Armenia en 1999 en la ciudad de Pereira, cerca de Manizales.

3.5 Desarrollo urbano en pendientes abruptas
Los ejemplos de Manizales y Pereira dan cuenta de otro factor crítico; el poblamiento en Colombia
se concentra en las áreas de montaña; la gran parte de los centros urbanos del país se ubican en los
Andes. La situación política durante la mitad del siglo pasado, influenció el proceso de migración a
grandes ciudades. Debido a la escasez de superficie, los migrantes de escasos recursos fueron
desplazados a las afueras de las ciudades, en las partes más altas y de mayor pendiente. Este
fenómeno es observable tanto en Colombia en las ciudades de Bogotá, Medellín, Cali, Bucaramanga, como en otras ciudades Andinas de otros países (Caracas, Quito, La Paz). Muchas de estas laderas están formadas por roca residual fuertemente fragmentada y erosionada, altamente susceptible
a deslizamientos (Figura N° 5 y Figura N° 6). Inadecuadas obras de ingeniería, no adaptadas a las
pendientes (por ejemplo, la construcción sobre taludes de pendientes pronunciadas), han aumentado la susceptibilidad a la ocurrencia de deslizamientos. La situación es crítica, dado que los asentamientos pueden estar envueltos en el movimiento en masa inicial de los procesos de deslizamiento o ser afectados por estos. Lo anterior provoca que un gran número de personas se
encuentren expuestas a este riesgo.
Klimeš & Ríos Escobar (2010) enumeraron una lista de 15 eventos de gran escala en las pendientes
del valle de Medellín entre 1880 y 2008. Esta área es un reconocido foco de deslizamientos, en
zonas urbanas en Colombia. En 1987 aproximadamente 500 personas murieron y 120 casas fueron
destruidas por el deslizamiento de Villatina (40000m3). En este caso el evento desencadenante
puede ser atribuido a la intervención antrópica: la fuga de agua desde un canal artificial significó
un aumento de presión en los poros del suelo, causando una desestabilización de la ladera (Ojeda &
Donnelly, 2006). El flujo de detritos resultante golpeó el asentamiento urbano. Estos fenómenos
son muy comúnmente generadores de procesos de deslizamiento. Asimismo, la mayor parte de los
desprendimientos de ladera ocurren durante o después de precipitaciones.
A pesar de que actualmente existe una mayor conciencia de la necesidad de manejar el riesgo asociado a los deslizamientos, todavía es necesario mejorar el manejo de laderas para reducir el riesgo,
como se realizó, por ejemplo, en Hong Kong hace varias décadas (Malone, 1998). En Bogotá se
estableció una zonificación de riesgo y se implementó un plan de prevención y mitigación (Ojeda
& Donnelly, 2006). En Medellín se desarrolló una serie de bases de datos relevantes para el análisis
y manejo del riesgo, pero el desarrollo de estrategias efectivas de mitigación es todavía una tarea
pendiente, debido a la falta de recursos y de legislación adecuada (Klimeš & Ríos Escobar, 2010).
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Figura N° 5 – Desarrollo de un proceso de deslizamiento en pendientes pronunciadas con áreas
pobladas

Figura N° 6 – Barrios de estratos bajos en la parte este de Bogotá afectada por procesos de deslizamiento. Fuente: Mergili, 2011

3.6 Deslizamientos y manejo de pendientes en zonas rurales
Los procesos de deslizamiento tienen también un impacto en la tierra de uso agrícola, lo que amenaza la base económica de la población rural. La deforestación, la actividad minera o agrícola inapropiada contribuyen a aumentar la vulnerabilidad a deslizamientos (Harden, 2006) y pueden haber tenido un rol en los eventos de Páez en 1994 (Scott et al., 2001), San Cayetano (1999) (Proyecto Multinacional Andino, 2007) y muchos otros procesos de deslizamiento en Colombia. Mejorar
las estrategias de manejo del suelo, puede contribuir a la estabilidad de las laderas. La parte alta de
la cuenca del Cauca, dominada por el pastoreo de ganado, pertenece a la Reserva de la Biósfera
Cinturón Andino y cuenta como un ejemplo exitoso de fortalecimiento del capital social para
mejorar el manejo del suelo, promover un desarrollo rural sustentable y la adaptación al cambio
climático (Borsdorf & Mergili, 2011). El manejo de laderas considera la regularización de las actividades de pastoreo de ganado, construcción de terrazas, el mantenimiento de bosques protegidos
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y vegetación adaptada. A pesar de que estos métodos son principalmente utilizados para evitar la
erosión del suelo y la degradación de la tierra, también pueden contribuir a la estabilidad de las
laderas, en términos de balance hídrico y estabilidad mecánica. Asimismo, es necesario un cuidado
especial y mantenimiento de los canales de agua.

4 Procesos de remoción en masa en los Andes áridos y semiáridos de
Centro-Argentina
4.1 Los Andes Argentinos
Los Andes se extienden en Argentina a lo largo de su borde occidental unos 4,000 kilómetros variando su amplitud en sentido latitudinal. Alcanzan su mayor extensión en el sector central abarcando cuatro provincias geológicas (Cordillera Principal, Cordillera Frontal, Precordillera y Sierras
Pampeanas) y adelgazan significativamente en Patagonia con una extensión de unos pocos 250 km
(Figura N° 7). Las elevaciones topográficas de Los Andes argentinos contrastan significativamente
desde la Puna, una planicie elevada por encima de los 3700 m snm, hasta el coloso de América: el
Cerro Aconcagua (6962 m snm) ubicado a los 32º LS, superado en altura sólo por los picos del
Himalaya a escala planetaria. Esta topografía que disminuye hacia el sur patagónico y los procesos
endógenos responden al ángulo con que subduce la placa de Nazca por debajo de la placa Sudamericana. El segmento comprendido entre los 28 – 32º LS vinculado a un plano de subducción subhorizontal se caracteriza por una actividad sísmica intensa y nulo vulcanismo. Los volcanes activos
de Los Andes argentinos se localizan al norte y al sur de este segmento.

Figura Nº 7 – Localización de los Andes centrales Chileno-Argentinos la línea oscura representa la
sección crítica del camino internacional N°7 Mendoza – Chile Central.
Los Andes argentinos abarcan climas extremadamente áridos como en la Puna con precipitaciones
anuales que no superan los 100 mm a sistemas húmedos fríos en la Patagonia con precipitaciones
anuales del orden de los 3500 mm. Las variaciones climáticas se presentan tanto latitudinalmente
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como longitudinalmente, ya que las masas húmedas del Anticiclón del Pacífico suelen precipitar
en forma de nieve en los cinturones orográficos occidentales más altos, disminuyendo su efectividad en los llanos o piedemontes que resultan estar influenciados por el comportamiento del Anticiclón del Atlántico y la dinámica térmica topográfica de la Depresión del Noroeste Argentino
(DNOA) (Agosta & Compagnucci, 2008).
Los Andes en Argentina abarcan un tercio de su territorio y las principales ciudades capitales se
localizan en el extremo opuesto sobre la costa Atlántica, asociadas a los antiguos puertos o las pampas húmedas. Las provincias occidentales que forman parte del ambiente montañoso andino
presentan sus capitales en el sector del pie de monte de Los Andes. Las denominadas comunas andinas se tratan más bien de pueblos o pequeñas villas con un desarrollo urbanístico muy limitado,
destinadas a actividades turísticas y de esparcimiento. Este aspecto juega un rol fundamental en el
reducido impacto que tienen los procesos de remoción en masa en Argentina. Sin embargo, vías de
conexión estratégicamente importantes son afectadas frecuentemente. En particular la ruta internacional Nº 7 que conecta Mendoza con Chile Central, clave para el desarrollo del Mercosur, es
altamente vulnerable siendo atractiva para numerosas investigaciones (ej. Espizúa et al., 1993;
Mikkan, 1997; Moreiras, 2004a, b; Mergili et al., 2011; Mergili et al., en prensa etc.). Si bien, la
ruta ha sido rara vez afectada por eventos catastróficos, la interrupción del tránsito internacional
por 1 a 2 días en este corredor bioceánico deja considerables pérdidas económicas, aunque no existe un análisis económico exhaustivo de los impactos.

4.2 Disparadores
La vasta extensión de los Andes establece una complejidad y variabilidad muy amplia de los procesos endógenos y exógenos actuantes en cada región Andina. Esta misma complejidad se traslada a
los agentes generadores de procesos de remoción en masa. Las lluvias intensas de verano son las
principales causantes de flujos de detritos en los sistemas áridos y semiáridos (Alonso & Wayne
1992; Solís et al., 2004; ASAGAI, 2004); mientras en Patagonia las precipitaciones invernales
ocasionadas por las corrientes húmedas del Oeste son las que favorecen la generación de deslizamientos y caídas (Dominguez et al., 1981). La actividad volcánica ha generado la formación de
algunos lahares cuyas consecuencias han sido imperceptibles para las comunidades andinas localizadas mucho más abajo en los valles. En tanto los sismos de magnitudes M>3,9 son comunes generados de caídas de rocas y deslizamientos superficiales principalmente en la porción norte y centro
de Argentina conocida por su alta sismicidad de intraplaca (Moreiras & Coronato, 2010).
La urbanización en sitios inadecuados, el corte de taludes en los caminos de montaña, la construcción de represas y la saturación del terreno por irrigación suelen generar inestabilidad de los terrenos. La inserción de especies exóticas ha tenido incidencia también en la generación de flujos de
detrito. Tal es el caso de las represas inestables que construyen los castores en Ushuaia (Moreiras &
Coronato, 2010).
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4.3 Procesos de remoción en masa a los 32º LS
Este segmento particular de Los Andes (ver Figura Nº 7) se caracteriza por tener el cerro más alto
del hemisferio occidental, un clima árido y ser sísmicamente activo. Los procesos descritos corresponden principalmente a caídas de rocas, flujos de detritos, flujos de avenidas o aluviones y deslizamientos superficiales. Inmensas moles de rocas fueron descritas durante los principales sismos
históricos de Mendoza en el sector de Precordillera. Estos sismos locales de intraplaca se asocian a
fallamientos activos de sentido N-S desarrollados desde el Piedemonte mendocino al borde oriental
del Cordillera Principal. No existen fallamientos activos en el segmento comprendido entre la
Cordillers Principal y la Cordillera Frontal. Sin embargo, numerosas caídas han sido registradas en
estos sistemas durante sismos con epicentros en Chile (Moreiras, 2004c; Well et al., 2011).

Figura N° 8 – Avalancha de rocas de Las Cuevas con el plano de ruptura en el fondo (M. Mergili,
04/2006)

Figura N° 9 – Influencia del clima y la erosión en las pendientes y tipos dominantes de movimientos en masa
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Grandes depósitos de distintos tipos de procesos de remoción en masa prehistóricos han sido identificados a esta latitud. El mecanismo disparador de los mismos es desconocido aún. La Figura N° 8
muestra el depósito de la avalancha de rocas de Las Cuevas que ha tenido reactivaciones históricas.
El plano de ruptura que sigue los planos de estratificación de los depósitos jurásicos es claramente
visible. En este caso, la estratificación con un alto grado de buzamiento y la alternancia de potentes
capas con erosión diferencial han favorecido el colapso. En otras ocasiones las fracturas son generadas o exacerbadas por la acción del crioclastismo, siendo condicionantes para la inestabilidad de
las laderas generalmente asociadas a caídas. Debido al clima árido y frío, los rangos de meteorización química son bajos y las rocas expuestas por un rápido levantamiento tectónico son pobres
en suelo y vegetación aumentando su susceptibilidad a las caídas (Figura N° 9).
A pesar de ser la región de mayor peligrosidad sísmica de Argentina, los sismos no constituyen el
principal disparador de los procesos de remoción en masa; más bien estos eventos están vinculados
a condiciones climáticas que variarán en función del sector analizado. Los flujos de detritos son
generados por intensas lluvias estivales que responden al comportamiento del Anticiclón del Atlántico en P (Moreiras, 2004c), por ende los ciclos más húmedos asociados a este anticiclón se relacionan a mayor inestabilidad de las laderas en esta provincia geológica. Debido al clima árido de la
región con menos de 200 mm de precipitación media anual registrados en al estación de Guido y la
alta pendiente, el sistema de las cuencas están pobremente adaptado a un mayor ingreso de agua, y
por lo tanto, tormentas comparativamente moderadas pueden movilizar flujos de detritos y caídas
de rocas. Eventos a pequeña escala de caídas de rocas sobre la ruta internacional a Chile han
afectado a los vehículos repetidamente, registrando una víctima fatal en Noviembre de 2011 (Figura N° 10). En Marzo de 1996, lluvias de 9.2 mm y 40 mm generaron flujos de detritos en el sector
de Guido obstruyendo el tráfico internacional. Aproximadamente 16,000 m³ de detrito tuvieron
que ser movilizados para restablecer la circulación vehicular (Espejo, 1996). El flujo de detritos se
originó principalmente en pendientes y barrancos de granito erosionado.
Las precipitaciones generadoras de flujos en la vertiente occidental de la Cordillera Frontal
provienen del Pacífico, de tal manera que son sensibles al comportamiento de El Niño. Los
períodos cálidos (La Niña) se asocian a un mayor número de eventos en la Cordillera Frontal
(Moreiras, 2005, 2006). Durante el evento de El Niño de 1987, la ladera occidental de la Cordillera
Principal en Chile recibió una precipitación extraordinariamente alta. El 13 de agosto de ese año,
la ruta internacional cerca de Guardia Vieja fue severamente afectada por un flujo de detrito con
un volumen de 45,000 m³. Luego debió ser reconstruida en el lado opuesto del valle. En el día del
evento se registraron 148 mm en la estación meteorológica más cercana. La precipitación antecedente de los cinco dias previos alcanzó los 309.5 mm (Hauser, 2000a).
El efecto de El Niño resulta tardío en la inestabilidad de la Cordillera Principal en la ladera oriental
de Los Andes. En este sector de mayor topografía, las precipitaciones de tipo nival resultan más
copiosas durante la fase cálida, de tal manera que su fusión y derretimiento en el verano siguiente
producen mayor saturación e inestabilidad del terreno (Moreiras et al., en prensa). Flujos de detritos desencadenados por una intensa fusión de nieve, han obstruido la ruta internacional cerca de
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Portillo, Chile, cerca del limite con Argentina. El agua de fusión se acumuló en un antiguo túnel
abandonado del ferrocarril por encima de la ruta. Cuando se liberó repentinamente en Noviembre
de 2000, ocasionó la erosión de un canal y un flujo de detritos sobre la ruta (Hauser 2000b, 2005).

Figura Nº 10 – Máquinas viales despejando la caída de bloques del Túnel Nº3 de la Ruta Internacional Nº7 originada el 14 de noviembre del 2011 por lluvias intensas durante 2 días (Fuente Diario
Los Andes)

5 Conclusiones
Colombia y el área central Argentina fueron elegidas para una revisión comparativa de proceso de
deslizamiento en la región Andina; en este contexto ambos ejemplos representan interesantes puntos de contraste, tanto desde el punto de vista climático como de densidad de población. Asimismo,
presentan contrastes marcados en gran parte de las variables geográficas, excepto por el relieve de
alta montaña. La parte norte de los Andes Colombianos muestra un entorno mucho más dinámico
que la parte central Argentina. Los factores que mayor energía imprimen al sistema ambiental son
(1) el clima tropical y (2) la actividad volcánica.
A pesar de que ambas áreas son, desde el punto de vista sísmico, igualmente activas y la actividad
sísmica juegan un papel predominante, como factores desencadenantes de procesos de deslizamientos, las precipitaciones son en ambos casos el factor principal. A pesar de que el régimen
de lluvias en Colombia y Argentina es absolutamente diferente, mientras que en Colombia se registra un mayor número de eventos de deslizamiento durante los periodos La Niña, esto es también
válido para la parte occidental de los Andes en el centro de Argentina durante los periodos de El
Niño. Precipitaciones de baja magnitud pueden causar procesos de deslizamiento en el área central
semiárida y árida de Argentina, donde los sistemas se encuentran mucho menos adaptados al ingreso de agua. En la parte norte de los Andes Colombianos, las rocas son intensamente erosionadas
y el equilibrio dinámico de las pendientes densamente cubiertas por vegetación, apenas soporta las
caras verticales de roca desnuda. Los desprendimientos de roca son por tanto, más comunes en la

562 Appendix A19 – Remociones en masa en la región Andina

parte central de Argentina (ver Figura N°9). Estos depósitos pueden facilitar el desarrollo de procesos de flujos de detritos.
En Colombia como también en Ecuador, Perú y Bolivia, las áreas de montaña proveen condiciones
favorables para la vida y las actividades económicas. Tradicionalmente el paisaje cultural se extiende sobre una gran variación vertical. Muchas de las actuales ciudades más grandes y que concentran altos niveles de densidad poblacional, se encuentran en las áreas montañosas. Por el contrario, en los Andes Argentinos, donde la densidad poblacional es baja y las áreas de montaña son
vistas a menudo como espacios desfavorables, que tienen que ser superados para poder conectar las
áreas metropolitanas en las tierras bajas. Procesos de remoción en masa son por tanto, una amenaza
para las vías de comunicación, dado que causan escasas víctimas fatales, pero serios daños
económicos. El mismo problema existe con las vías de comunicación en los Andes del Norte. En
este contexto, tanto asentamientos urbanos como rurales están en riesgo y un número mucho más
considerable de personas son directamente afectadas (ver Cuadro N°1 y Cuadro N°2). Como consecuencia, los tipos de medidas de mitigación requeridas para la reducción del riesgo difieren considerablemente en las dos áreas. De todas formas, la mitigación del riesgo ya se ha iniciado con la
aplicación de estándares de construcción, dado que fallas técnicas han provocado procesos de deslizamiento en ambas áreas.
Los procesos de deslizamiento son normalmente parte de una cadena de procesos, que a menudo se
inicia con eventos de precipitación, terremotos o actividad volcánica. Este tipo de cadena de procesos a menudo continúa con consecuencias socioeconómicas. La obstrucción de las vías de comunicación (i.e. Camino Internacional Mendoza – Chile Central) han provocado consecuencias
transnacionales, como el desarrollo de medidas de mitigación conjuntas en varias etapas de del
ciclo de manejo del riesgo. Este tipo de cooperación internacional es muy relevante, dado que la
cadena de procesos naturales no distingue límites administrativos. Movimientos sísmicos con epicentro en un país pueden afectar igualmente a otros, lo mismo es válido para las erupciones volcánicas. Un ejemplo reciente es la erupción del volcán Puyehue en el Cordón del Caulle, en el sur
de Chile en junio de 2011, el cual emanó una extensa nube de cenizas volcánicas que se depositaron en la frontera con Argentina. Parte de estos depósitos fueron movilizados como significantes
flujos de detritos durante eventos de precipitación.
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Abstract
Investigating fossil landslides contributes to a better understanding of possible conditioning and
triggering factors and may help to anticipate future events. With a volume of more than 3 km3 the
Köfels Rock Slide in the Ötztal Valley (Tyrol, Austria) represents the largest known landslide in
metamorphic rock masses in the Alps. It occurred in the early Holocene approx. 9800 years BP
and has been subject of numerous studies. We use geographic information system (GIS) analysis
methods to reconstruct the hypothetic topographies before, during and after the event based on a
digital elevation model (DEM) as well as on published data from seismic profiles, echo sounding,
boreholes and an investigation adit. Comparing the resulting DEMs leads to volume estimates of
the failure and deposition masses of the Köfels Rock Slide of 3.1 km³ and 4.0 km³, respectively.
These values roughly correspond to the results of earlier studies.
For the geotechnical analysis we employ a 2-D discrete element method (UDEC) to a profile of the
Köfels Rock Slide in order to better understand rock mass strength properties and potential factors
provoking the failure of the Köfels Rock Slide. In particular, we are interested in the critical friction angles of the basal shear zone without and with the assumption of groundwater flow. Our
back-calculation indicates that, in dry conditions, a friction angle of <24–25° would lead to failure
whilst, with groundwater flow, the critical value would increase to approx. 28–29°. These results,
which partly deviate from the results of earlier studies, indicate that, in the case that an increased
ground water level has triggered the slide, 24° ≤ friction angle ≤ 29°. This would be a realistic
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range only in the unlikely case of a pre-existing continuous shear zone. Therefore, further studies
are needed to explore the possibilities of other triggering factors.

Alps, Basal shear zone, Discontinuum modelling, Giant rock slide, Topographic reconstruction

1 Introduction
In mountain areas, life and property are often put at risk by landslide processes (e.g., Dai et al.
2002; Nadim et al. 2006; Margottini et al. 2013; Sassa et al. 2014). Rapid collapses of mountain
slopes – and resulting process chains – have repeatedly evolved into catastrophic events (e.g., Evans and DeGraff 2002; Govi et al. 2002; Genevois and Ghirotti 2005; Evans et al. 2009a,b). An adequate understanding of the mechanisms of failure processes is one key for the implementation of
effective risk reduction strategies. The analysis of past – even fossil – events may contribute to a
better understanding of landslide processes and therefore help to develop and to improve methods
for hazard and risk mitigation (Kilburn and Pasuto 2003).
Known as the largest landslide in crystalline rock throughout the European Alps, the Köfels Rock
Slide represents such a fossil landslide (see Section 2 for a detailed description). Even though this
giant landslide has been subject of numerous studies (e.g., Pichler 1863; Milton 1964; Preuss 1974,
1986; Erismann et al. 1977; Preuss et al. 1987; Erismann and Abele 2001; Brückl et al. 2001, 2010;
Brückl and Parotidis 2001, 2005; von Poschinger 2002; Sørensen and Bauer 2003; Prager et al.
2009), the conditioning and triggering factors of the Köfels Rock Slide remain unknown. Computer models may help to increase our understanding of the mechanisms of rock slope failure. Even
though models are always a rough simplification of reality and therefore, strictly speaking, wrong,
some are useful (Box and Draper 1987) to explore specific aspects such as rock slide volumes, slope
deformations or critical values of geotechnical parameters. Two types of models are relevant in the
context of this study:
1. Topographic models. Brückl et al. (2001), on the basis of seismic measurements, attempted
to reconstruct the pre-failure topography of the Köfels Rock Slide to derive parameters
such as failure and deposition volumes, porosity, the initial and average sliding angles and
the release of potential energy.
2. Rock mechanics models. The mechanics of the Köfels Rock Slide has been studied by
means of modeling in the past. Erismann et al. (1977) developed kinematic and thermodynamic models to explain the energy release necessary for the formation of the frictionites
that were found at the Köfels site (see Section 2). Brückl and Parotidis (2001) set up an
elasto-plastic model and a pure elastic model to estimate the geo-mechanical properties of
the Köfels Rock Slide. In their approach they applied a 2D finite element method to explore the development of the creeping rock mass. The model suggests that the Köfels Rock
Slide follows a typical landslide pattern of primary, secondary and tertiary creep and a
transition from the originally compact rock mass to soft rock. In another approach, Brückl
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and Parotidis (2005) set up a model with focus on the deep-seated gravitational creep and
the prediction of the transition to rapid sliding.
So far, only continuum models have been applied to reconstruct the mechanisms of the Köfels
Rock Slide e.g., by Brückl and Parotidis (2005). We believe that, though representing a valid approach, this type of model may fail to adequately capture the complexity of the phenomenon.
To fill this gap, we set up a discontinuum model of the Köfels Rock Slide, applying the discrete
element code UDEC by Itasca (Itasca Consulting Group 2014b). Back-calculations of the critical
angle of internal friction assuming (A) dry conditions and (B) groundwater flow are conducted to
explore the potential of pore water pressure for provoking this giant landslide. Further – and as a
basis for the geotechnical model – we re-build and re-analyze possible pre- and post-failure topographies of the rock mass. Conclusions can be made about the failed and deposited volumes and,
consequently, the change of porosity of the rock mass induced by the slide.
Next, we introduce to the study area, the Köfels Rock Slide (Section 2). Then, we explain the
methods applied for the topographic reconstuction and geotechnical modelling (Section 3). We
present (Section 4) and discuss (Section 5) the results before concluding with the key messages of
the study (Section 6).

2 Study area and data
2.1 Geographic and geologic setting
The Köfels Rock Slide (Figs. 1 and 2) occurred in the central part of the north-south stretching
Ötztal Valley, Tyrol, Austria, at present at an elevation between 950 m and 1100 m asl. This valley
is part of the Central Eastern Alps, characterized by metamorphic rocks. The main formation of
the Ötztal Crystalline dates back to the Variscan Orogeny. The influence of the Alpine Orogeny
on the Ötztal Valley consists in steep faults and discontinuities, typically following a pattern from
southwest to northeast, parallel to the bulge axis of the Engadin Window (Pirkl 1980). The Ötztal
Crystalline forms a complex of crystalline silicate rocks dominated by paragneiss, with orthogneiss
being prominently exposed, too.

2.2 The Köfels Rock Slide
The age of the Köfels Rock Slide was determined at 9.800±100 years BP through radiocarbon dating of wood buried by the rock slide deposits (Ivy-Ochs et al. 1998) and surface exposure dating
of rock slide boulders (Kubik et al. 1998). The main source of the slide is an orthogneiss complex
around Köfels. The rocky headscarp of the western slopes of the central Ötztal Valley is very steep
with inclinations of up to 40–50° (Sørensen and Bauer 2003). High-velocity failure events are typical for competent rocks such as orthogneiss and amphibolite (Prager 2009). Crystalline rock is
characterized by joints densely distributed within the mass, typically resulting in slides of high
frequency and small magnitude (von Poschinger 2002). With a failure volume of >3 km3 the Köfels
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Rock Slide poses an exemption to the general observation that slides of that size usually occur in
calcareous rock.
The motion of the sliding rock mass started at the east facing slope south of Wenderkogel (see
Fig. 2) and stopped at the opposite slope in the east, where it collided with massive rock. The centre of mass moved around 2.6 km (Sørensen and Bauer 2003), reaching a velocity of approx. 50 m/s
(Erismann et al. 1977). The deposit represents a prominent valley spur of profoundly fissured augengneiss. Open joints following the directions of the intact solid rock describe the structure of
the deposits (von Klebelsberg 1935). Erismann and Abele (2001) proposed that the mass was split
into two parts with the lower one arresting and the upper one continuing its movement, thus creating two sliding surfaces. The Tauferberg (see Figs.1 and 2) was formed when the upper mass
continued its movement for approx. one more kilometre and ran up for approx. 100 m. Although
evidence for a second sliding plane was claimed by Preuss (1986), proof for the existing of such has
not been found yet. The disintegration of the rock during the Köfels Rock Slide caused a highly
fractured rock mass, whose boulders range in size between grains to blocks of 10 m diameter
(Sørensen and Bauer 2003). This distinctive fragmentation of rock led to radon gas emissions and
locally radioactive springs, which still affect today’s population in Umhausen and cause noticable
high cancer rates (Purtscheller et al. 1995).
After the Köfels Rock Slide event, a temporary lake flooded the basin of Längenfeld, impounded
by the valley spur (Ampferer 1939). As a result of the flooding backwater sediments are present in
the basin of Längenfeld as well as in the tributary Horlachtal Valley east of Niederthai. According
to drilling data from von Klebelsberg (1951) and Ampferer (1939), the lacustrine sediments reach a
maximum thickness of 92 m. Later, the river Ötztaler Ache cut into the rock slide deposits, forming the Maurach gorge (see Figs. 1 and 2; Erismann and Abele 2001).

Fig. 1. Panoramic view of the Köfels Rock Slide. Note the Maurach Gorge cutting through the
deposit (centre) and the backwater sediments of the Ötztal Valley (left) and Niederthai (right). See
Fig. 2 for the viewpoint and the field of view.
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Fig. 2. Overview map of the Köfels Rock Slide area.
When the mountain collapsed, an amount of about 1.6 1016 J of energy was released, which is
equivalent to the energy freed during the explosion of a hydrogen bomb of 4.5 Mt. This value was
estimated by Erismann and Abele (2001) with respect to volume, density and vertical displacement of the rock mass. The high amount of released energy led to partial melting at the sliding
surface and the development of pumice-like rocks, the presence of which was interpreted in various ways over the years (e.g., Pichler 1863; Stutzer 1936; Suess 1937; Preuss 1974, 1986;
Preuss et al. 1987; Weidinger et al. 2014).
Though subject of research for more than one century, the question of the causes for the Köfels
Rock Slide remains open. Most probably a combination of various conditioning and triggering
factors led to the release of this giant event. Existing theories include:
1. Over-steepened valley flanks after the retreat of the Pleistocene glaciers could have facilitated failure processes in alpine slopes, including the Köfels Rock Slide (Abele 1994;
Brückl and Parotidis 2005).
2. As the collapse of Köfels occurred thousands of years after glacial retreat, time-dependent
processes of crack growth and fracture propagation are assumed to have provoked unstable
conditions in the slope, and thus supported failure (Prager et al. 2009). This long-term disintegration of rock is seen as a prerequisite for the development of a large-scale rock slide.
1. Another prerequisite for giant mass movements consists in an abutment supporting the
lower slope, which promotes the accumulation of large amounts of disintegrated material
by preventing small-scale mass movements.
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2. Moreover, the melting of permafrost is suspected to have influenced the failure of many
Holocene rock slides (Abele 1994) - a phenomenon that gains new relevance considering
the degrading permafrost in today’s mountains influenced by modern climatic changes
(e.g., Gruber and Haeberli 2007).
3. Abele (1994) and Weidinger (2006) describe tectonics as one main background condition
provoking large rock slide events. Considering the present low seismic activity in the
Ötztal Valley, Sørensen and Bauer (2003) question an earthquake as a possible trigger for
the event.
4. Increased pore water pressure induced by excessive rainfall represents one of the most
common triggers of landslides (e.g., Gostelow 1991).

2.3 Data
An up-to-date digital elevation model (DEM), gained by airborne laser scanning (LiDAR), of the
investigated area is obtained from the governmental service for maps of Tyrol, TIRIS, at a spatial
resolution of 1m. Topographic and geologic information on the situation before and after the
Köfels Rock Slide are given through studies of von Klebelsberg (1951), Brückl (2001) and Heuberger (1994). Data from several boreholes from von Klebelsberg (1951) are used in this work.
Additionally, reflection and refraction seismic measurements were conducted between 1986 and
1990 (Brückl 1988; Brückl and Heuberger 1993; Brückl et al. 1998; Brückl et al. 2001). An investigation adit was drilled into the Tauferberg in 1952 and provides additional information about the
geological setting of the site (Brückl et al. 2001; Ascher 1952). Fig. 3 provides an overview of the
geophysical data used for the study.

3 Methods
3.1 Reconstruction of rock slide topography, volume and porosity
Three topographic profiles are constructed, based on the drilling and seismic data provided by von
Klebelsberg (1951), Heuberger (1994) and Brückl et al. (2001): Profile 1 is set north of the rock
slide zone through the basin of Umhausen, Profile 2 lies within the sliding surface, and profile 3
south of the rock slide zone in the basin of Längenfeld (see Figs. 2 and 3).
Fig. 4 shows the Profiles 1 and 3. The two profiles display the pre-failure topography reconstructed from the seismic and borehole data and the up-to-date situation. The seismic profiles are projected to the topographic sections and transformed into point data used as input for the GIS-based
topographic reconstruction. All spatial analysis taks are performed using the ArcGIS software by
ESRI.
For the reconstruction of the past topographic scenarios, an intermediate horizon of the reflection
seismic data is interpreted as the top of compacted sediments made up of an old valley fill, which
was dated to be older than the Köfels Rock Slide. These sediments were buried by the rock slide
mass and their upper boundary used for the reconstruction of the topographic scenario in the val-
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ley as it was before the Köfels Rock Slide. The deepest horizon with a maximum depth of 400 m
was interpreted as the compact rock topography – identical with the sliding plane of the rock slide
at the flanks of the valley (Brückl et al. 2001).

Fig. 3. Borehole data (BH), echo-sounding (ES) and seismic profiles (SP) used for the topographic
reconstruction of the Köfels Rock Slide.
The available data are then used to three-dimensionally reconstruct four topographic situations,
assuming a U-shaped pre-failure valley topography as well as a rounded failure surface:
1. the pre-failure topography before the Köfels Rock Slide happened and before the alluvium
north and south of the site were deposited;
2. the topography of the failure plane with the deposits completely removed from the model
to illustrate the basal shear zone and without the alluvial deposits north and south of the
rock slide;
3. the post-failure topography without the alluvial deposits and with the Köfels Rock Slide
deposit in the valley before their incision by the Ötztaler Ache;
4. the up-to-date topography where the Maurach gorge has been created by the incision of
the Ötztaler Ache into the deposits and the alluvium has been deposited in the basins of
Längenfeld and Umhausen (see Fig. 2).
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Within the rock slide mass only information from seismic lines and the investigation adit is given.
In the failure area only few data are available. The reconstruction of the pre-failure topography of
the Köfels Rock slide builds on the contour lines of the escarpment of the up-to-date DEM. The
hypothetic pre-failure slope between the edges of the escarpment is assumed plane. This simple
way of reconstruction does not require additional assumptions not supported by observations.

Fig. 4. Profiles through the valley bottom in the Köfels Rock Slide area (see Figs. 2 and 3). (a) Profile 1 in the north of the Köfels site, basin of Umhausen. (b) Profile 3 in the south of the Köfels
site, basin of Längenfeld. Note that the point data and seismic profiles (see Fig. 3) are projected to
the profile planes and therefore do not necessarily correspond to the topographic surfaces shown.
The failure and the deposition volumes of the Köfels Rock Slide mass are computed from the three
reconstructed DEMs:
i =m

V F = ∑ A(zi,1 − z i , 2 )
i =1

(Eq. 1)

,

i =m

V D = ∑ A(z i ,3 − z i , 2 )
i =1

,

(Eq. 2)

where VF and VD are the failure and deposition volumes, and zi,1, zi,2 and zi,3 represent the reconstructed elevation of the pixel i, the numbers referring to the stages given above. A is the area of
one pixel, m is the number of pixels.
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Based on the results of the volumetric calculation in ArcGIS, the porosity of the rock mass before
and after failure of the Köfels Rock Slide is estimated. Porosity is defined as the percentage of rock
or soil that is void of material (Fetter 2001):

n=

Vp
Vs + V p

,

(Eq. 3)

where n is the porosity, Vp is the volume of void space and Vs is the volume of solids.

3.2 Back-calculation based on a discontinuum model (2D)
3.2.1 Modelling strategy
A discontinuum model has not yet been applied for geo-mechanical modeling of the Köfels Rock
Slide (see Section 1). The advantage of discontinuum modeling for joint-bounded blocks, compared to a continuum approach, is that very accurate calculations can be made, also including dynamic analyses (Kveldsvik et al. 2008). In this work we conduct back-calculations of the critical
angle of internal friction φcrit of the basal shear zone (A) without pore water pressure and (B) with
pore water pressure, induced by ground water flow. We expect the results
1. to allow conclusions on the role of increased pore water pressure as possible trigger mechanism of the event by evaluating φcrit against typical values of φ of the rock materials and
structures involved;
2. to serve as a basis for future analyses such as the impact of dynamic loading on slope stability and its potential for the triggering of the Köfels Rock Slide.
We set up a model in the two-dimensional distinct element code UDEC by Itasca (Itasca Consulting Group 2014b). This software tool characterizes a discontinuous rock mass by an assembly of
discrete blocks with contacts or interfaces in between. A continuum mesh of finite-difference
zones defines the deformability of the rock mass. During the calculation procedure the blocks
interact mechanically at their surfaces and corners. Block velocities and displacements are determined, with the calculation procedure being repeated until a balanced state of equilibrium or one
continuing failure is reached (Itasca Consulting Group 2014a).
3.2.2 Model geometry, boundary and initial conditions
We use Profile 2 (see Fig. 2) for UDEC modelling. The pre-failure topography is used to create the
surface of the slope, whilst the topography of the sliding surface provides the input for the basal
shear zone (Fig. 5). Blocks are considered rigid, based on a linear elastic approach defined by
Hooke’s law, considering components of stress to be linear functions of components of strain (Jaeger et al., 2007). The main deformation within the system takes place through the movement of
discontinuities. Sliding and rotation of blocks, and opening and interlocking of interfaces make up
the movement of the mass (Itasca Consulting Group 2014a).
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Spacing of the joint set is assumed 50 m in the rock slide mass and 150 m in the underlying augengneiss block (see Fig. 5). The continuum mesh in the model has a resolution of 25 m in the
rock slide mass and a resolution of 50 m in the underlying augengneiss block. Rounding of block
corners is applied with a radius of 0.5 m. This avoids the problem of tension peaks, possibly resulting from the interaction of blocks occurring close to or at two opposing block corners. The block
corners are assumed sharp or to have infinite strength, even though they would crush in reality
under concentrated stress. By rounding the block corners, the locking or hanging-up of blocks is
avoided, because the blocks can smoothly slide past one another when two opposing corners interact (Itasca Consulting Group 2014a).

Fig. 5. Model geometry with boundary conditions, joint sets for the failure rock mass and the underlying rock mass. (a) shows the monitoring points where deformations are recorded. (b) shows
the groundwater table applied to the modelling scenario (B) assuming the typical trend of
groundwater flow in slopes.
In the modeling scenario (B) a groundwater table is assumed with respect to characteristic
groundwater flow patterns where the unsaturated zone between the surface and the water table is
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typically deep at the head of the slope, whereas the water table at the basis of the slope is close to
or at the surface (see Fig. 5; Fetter 2001).
Stress constraints are applied at the boundaries. Without pore water pressure (A), the x and y velocities at the boundaries are set to 0. With pore water pressure (B), the boundaries are fixed assuming the following conditions: the pore water pressure is set to 19.7 MPa at the left boundary
along the y axis and to 8.98 MPa at the right boundary along the y-axis (see Fig. 5), based on the
equation for pore water pressure:

p = ρ ⋅ g ⋅h,

(Eq. 4)

where ρ is the density of the fluid, g is the gravitational acceleration and h

is the height of the

water column. The rock is assumed impermeable at the lower boundary along the x axis. The insitu stress constraints are defined in terms of the horizontal in-situ stress (σxx = 25.6 MPa) being
half of the vertical in situ stress (σyy = 51.2 MPa) and the zz-in-situ-stress equaling the xx-in-situstress (σzz = σxx =25.6 MPa).
3.2.4 Material properties
Table 1. Material properties of the augengneiss in the failure mass, the underlying block and the
basal shear zone. azero, ares and jperm are only relevant for modelling scenario (B) with pore water
pressure assumed. All other parameters are the same in the modelling scenarios (A) and (B).
Material property

Joint friction angle φ (°)
Density ρ (kg/m³)

Bulk modulus K (GPa)

Shear modulus G (GPa)

Joint normal stiffness jkn (GPa/m)
Joint shear stiffness jks (GPa/m)
Cohesion c (Pa)

Aperture for zero normal stress azero (m)

Residual aperture at shear stress ares (m)
Joint permeability constant jperm (1/Pa s)

Failure rock
mass

Underlying
augengneiss

22

22

30

2600
17

Basal shear zone

30

20–27 and 26–32

17

–

2600

–
–

100

100

100

0.00018

0.00026

0.00026

100
0

0.00018
83.3

100
0

0.00026
83.3

100
0

0.00026
83.3

The back-calculations of φ of the basal shear zone are conducted with the assumption of φ = 30°
for the augengneiss of the failure mass and the underlying block. φ of the basal shear zone is varied between 20° and 27° for (A) and between 25° and 32° for (B). A density of ρ = 2,600 kg/m³ is
assigned to all rock materials. Assuming a Young’s modulus E = 40 GPa and a Poisson’s ratio

ν = 0.2 the bulk modulus K and the shear modulus G of the augengneiss blocks are computed as
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K=

E
= 17 GPa
3(1 − 2v )
,

(Eq. 5)

G=

E
= 22 GPa
2(1 + v )
.

(Eq. 6)

Simplified conditions with a vertical and horizontal fully persistent joint set are assumed to simulate isotropic groundwater flow conditions for (B). Table 1 summarizes the material properties
applied to the model.

4 Results
4.1 Reconstruction of rock slide topography, volume and porosity
Figs. 6 and 7 illustrate the results of the three-stage topographic reconstruction of the Köfels Rock
Slide. Whilst stage 2 represents a theoretical situation that has never occurred in this way (however, it is necessary to reconstruct the rock slide volumes, see Eqs 1 and 2), the stages 1 and 3 represent hypothetic morphologies directly before and after the event. Note that the very smooth prefailure topography of the failure area most probably does not resemble the original shape of the
mountain slope before failure (see Fig. 7a) – however, given the fact that there are no data supporting more advanced reconstruction methods, we consider this approach a reasonable approximation.

Fig. 6. Profile 2 (see Figs. 2 and 3) through the Köfels site with the three reconstructed stages and
the up-to-date topography.
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Fig. 7. DEM of the three reconstructed stages and the up-to-date topography. (a) pre-failure, (b)
bedrock, (c) post-failure, (d) up-to-date. The spatial resolution of the DEMs is 30 m in (a)–(c) and
1 m in (d).
Stage 4 represents the situation observed today. Comparing Figs. 7c and d indicates those morphologic processes having shaped the site since the event, most significantly the incision of the
Maurach gorge by the Ötztaler Ache River into the rock slide deposits and the deposition of lake
sediments in the basin of Umhausen, the basin of Längenfeld and the Horlachtal Valley (see
Figs. 1, 2 and 6).
Applying the Eqs. 1 and 2 to the reconstructed topographies, a failure volume of VF = 3.1 km3 and
a deposition volume of VD = 4.0 km³ are obtained (Fig. 8). Based on these volumetric reconstruc-

tions of failure and deposition masses, considerations about the porosity before and after the
Köfels Rock Slide are made.

580 Appendix A20 – Köfels Rock Slide reconstruction and modelling

Typical porosities for granitoid rocks range around 1–2%, not considering any fractures (Zangerl
et al. 2003). Taking into account fracturing increases the porosity to 2–5% (Fetter 2001). Assuming
a pre-failure porosity of the fractured rock mass of 5% and a constant volume of the solid rock
mass Vs before and after the collapse of the mountain slope, Eq. 3 predicts a porosity of the fractured rock mass after the sliding event of approx. 26%. Consequently, we infer an increase of porosity of 30% resulting from the disintegration of the rock mass during the Köfels Rock Slide.

Fig. 8. (a) Failure and (b) deposition heights and volumes of the Köfels Rock Slide mass computed
in ArcGIS. The contour lines indicate the height difference between the (a) pre-failure and (b)
post-failure topography and the topography of the sliding surface.

4.2 Discontinuum modelling results
4.2.1 Critical values of φ without and with pore water pressure
Values for φ = 20°–27° (basal shear zone) are back-calculated in conditions without pore water
pressure (modelling scenario A) whilst all other parameters are kept constant. The evaluation of φ
builds on the values of the maximum shear displacement at equilibrium, requiring the unbalanced
forces to be zero and the vertical and horizontal displacements to remain constant. As a result, the
transition between stable conditions and failure is found at approx. 24–25° (φcrit; Fig. 9). Models
with φ < 23.5° for the basal shear zone do not balance to equilibrium, indicating slope failure. Assuming a ground water table as defined in Section 3.2.2 (modelling scenario B) the model cannot
be balanced with values of φ < 28° (see Fig. 9). In this case, the transition between stable conditions and failure is at approx. 28–29° (φcrit). The transition between stable and unstable conditions
is reflected in the sudden change of the inclination of both graphs in Fig. 9.
4.2.2 Modelling results without pore water pressure (scenario A)
The model without pore water pressure is more closely analyzed for φ = 25° for the basal shear
zone, as this assumption marks the boundary between failure and stable conditions (see Fig. 9).
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Fig. 10a shows the distribution of displacement. The maximum values of 0.25 m are reached at the
top of the slope close to the peak. Lower values, ranging around 0.10 m, are reached in the middle
part of the slope. The vectors of displacement increase again to values at around 0.25 m at the toe
of the slope, indicating higher dynamics there than in the middle of the slope.

Fig. 9. Results of the back-calculations with and without pore water pressure: the transition between failure and stable conditions without pore water pressure (scenario A) is found at φcrit = 24–
25°. Applying pore water pressure to the model (scenario B) increases this transition zone to
φcrit = 28–29°.
The values of the maximum shear displacement indicate the transition between stable conditions
and failure. The maximum shear displacement of the basal shear zone is at around 0.20 m without
pore water pressure and φ = 25°. The highest shear displacement is found at the top of the slope as
well as at the slope toe, where the basal shear zone ends, with maximum values of around 0.20 m
(see Fig. 10b).
Further observations are made based on the x-displacement of the rock mass. Here, maximum
values (approx. 0.23 m) are reached in the upper part of the slope. Comparatively low displacements in x direction (approx. 0.11 m) are computed at the toe of the slope. Close to the basal shear
zone and in the underlying block itself, the model predicts minimum x-displacement values of
0.03 m. The highest values for the displacement in y-direction (approx. 0.16 m) are yielded at the
peak of the slope. The values decrease towards the bottom of the slope, with a minimum displacement of 0.02 m.
4.2.3 Modelling results with pore water pressure (scenario B)
The influence of pore water pressure on the behavior of the slope is investigated by implementing
a groundwater table to the model. The friction angle of the basal shear zone is set to φ = 29° to
further investigate the situation with pore water pressure, corresponding to the transition between
stable and failure (see Fig. 9). Maximum displacement values of approx. 1.80 m are found at the
peak of the reconstructed mountain and decrease with decreasing elevation, reaching a minimum
of approx. 0.20 m at the toe of the slope (Fig. 11a).

582 Appendix A20 – Köfels Rock Slide reconstruction and modelling

The maximum shear displacement reaches a value of approx. 0.37 m. Shearing takes place at the
basal shear zone as well as at the joint contacts in the upper part of the failing rock mass. The most
pronounced shear displacement is predicted in the middle and lower part of the basal shear zone.
Vertical shearing of around 0.15 m is computed near the topographic peak (see Fig. 11b).

Fig. 10. Spatial distribution of (a) total displacement and (b) shear displacement for φ = 25° for the
modelling scenario (A) without pore water pressure.
The x-displacement is similar to the behavior predicted in scenario (A): it is highest close to the
peak, where displacement values are at approx. 1.30 m. The values decrease with decreasing elevation, reaching a minimum of approx 0.10 m at the toe of the slope. It is interesting to note that
another minimum value is modelled at the very top of the slope, where the displacement suddenly
shifts from a value of approx. 1.30 m below this point to 0.10 m at the peak. A very slight displacement is predicted in the underlying rock mass. The highest values of displacement in ydirection (approx. 1.04 m) are computed at the left side of the topographic peak. The minimum of
0.08 m is reached at the toe of the slope.
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Fig. 11. Spatial distribution of (a) total displacement and (b) shear displacement for φ = 29° for the
modelling scenario (B) with pore water pressure.

5 Discussion
5.1 Reconstruction of rock slide topography, volume and porosity
Topographic reconstructions, volumetric and porosity calculations of the failure and deposition
mass of the Köfels Rock Slide have been made before: Brückl et al. (2001) concluded from seismic
data to the physical properties of the rock mass. Based on a relation given by J. Watkins et al.
(1972) the p-wave velocities were plotted versus the depth relation to estimate the porosity of the
deposition mass. On the basis of this calculation a relation between the thickness of the overburden and the porosity of the deposits was developed. The calculations by Brückl et al. (2001) resulted in a pre-failure porosity of 9% and a post-failure porosity of 23%. With an estimated failure
volume of 3.28 km3 and a deposition volume of 3.88 km³, Brückl et al. (2001) came to an increase
of porosity of 18% due to the disintegration of rock during the slide. This shows that the comput-

ed porosity reacts very sensitive to the computed failure and deposition volumes. Our value ofVF
deviates by -5% and VD by 3% from the values of Brückl et al. (2001). These values are surprising-
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ly low, given the uncertainties induced by (i) the differences in the reconstruction methods and
(ii) a certain degree of subjectivity included in the reconstruction (see Sections 3.1 and 4.1).

5.2 Geomechanic modelling
The back-calculations conducted in the present study result in values of φcrit = 24°–25° without
pore water pressure and φcrit = 28°–29° with pore water pressure. Consequently, (i) given that the
imposed boundary conditions and parameter values are valid, (ii) assuming increased pore water
pressure as the triggering factor for the Köfels Rock Slide, the friction angle of the sliding surface
may be constrained to the range φ = 24°–29°. This range corresponds reasonably well to the range
of characteristic values of φ = 27°–30° observed for shear zones in crystalline rocks (Engl et al.
2008). However, these findings neither do allow excluding other triggers such as ground shaking,
nor do they allow drawing conclusions on the possible influence of deglaciation. Further, our considerations imply a pre-existing shear zone. Whilst the possibility that such a shear zone has existed cannot be ruled out, it appears more likely that the shear zone has developed from a discontinuous system of faults and cracks during the initial stage of the slide. If so, the friction angle of the
initial sliding surface must have been considerably higher, so that an additional trigger has to be
postulated. We suggest further modelling efforts in order to shed light on these aspects.
Brückl und Parotidis (2001) deduced a value of φcrit between 20° and 24° from geomechanic modelling of the Köfels Rock Slide, not taking into account pore water pressure. This range is significantly lower – and therefore a less conservative estimate – compared to the range of φcrit = 24°–25°
without pore water pressure and φcrit = 28°–29° with pore water pressure obtained in the present
study. In a later approach, Brückl and Parotidis (2005) modelled the Köfels Rock Slide applying a
finite 2D-element method. φ proved to be the most sensitive factor in their analysis. Brückl and
Parotidis (2005) considered a value of 21.5 GPa for the compressional module and 9.92 GPa for the
shear module, setting the density to ρ = 2,600 kg/m³. Based on these input parameters, the model
predicted a critical value of φcrit = 28° in conditions without pore water pressure. Brückl and Parotidis (2005) also considered cohesion, which is neglected in the present work.
A preliminary comparison with 2D (Slide by Rocscience) and 3D (r.slope.stability; Mergili et al.
2013, 2014) limit equilibrium slope stability models indicates that the safety factors yielded by
these models are equal to 1 at approx. 1–3° higher values of φ, compared to the critical values derived in our discontinuum approach. More research is necessary to explore this issue, and particularly the influence of using 3D models.
A further step towards a better understanding of the Köfels Rock Slide would consist in backcalculating the motion of the slide. Such an effort would require further reconsiderations of the
potential existence of a second basal shear zone as proposed by Erismann and Abele (2001). Additional information e.g., by reflection seismic measurements at a relevant spot could enlighten the
issue of a secondary rock slide mass (Brückl et al., 2001).
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6 Conclusions
1. Based on geologic, geophysical and topographic constraints, we reconstruct three topographic stages of the Köfels Rock Slide: i) the pre-failure topography with the reconstructed mountain peak, ii) the topography demonstrating the sliding surface without rock slide
deposit, iii) the post-failure topography with the deposits in the valley but before their incision by the river Ötztaler Ache. For the failure volume a value of 3.1 km³ is gained, the
deposition volume is calculated as about 4.0 km³. These values are very close to those derived by Brückl et al. (2001), leading to the conclusion that the estimates gained of the
volumes are sufficiently robust.
2. Knowledge on the increase in porosity during sliding is less robust, as the derived values
react very sensitive even to small variations in the failure and deposition volumes. Whilst
Brückl et al. (2001) come to an increase in porosity by 18%, our study suggests an increase
by 30%.
3. φ in conditions without and with pore water pressure as a characteristic parameter is
back-calculated in the two-dimensional distinct element code UDEC. A value of φcrit = 24–
25° is derived for conditions without pore water pressure and φcrit = 28–29° for conditions
with pore water pressure assumed. The back-calculations conducted in the present study
result in values of φcrit = 24°–25° without pore water pressure and φcrit = 28°–29° with pore
water pressure. As the range 24° ≤ φ ≤ 29° corresponds reasonably well to the expected
friction angle of the rocks involved (Engl et al. 2008), we conclude that the event may
have been triggered by an increased groundwater level, assuming a pre-existing shear
zone. However, it appears more likely that a continuous shear zone has only developed
during the initial stage of the slide. Consequently, further modelling efforts are needed for
drawing conclusions on the possible influence of a seismic event or deglaciation.
4. Comparing our results with earlier estimates of Brückl et al. (2001) and Brückl and Parotidis (2005), based on a continuum model, and with the results of limit equilibrium models
indicates a considerable level of disagreement. Further research will be necessary to fully
understand the different outcomes of the various models.
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09.1986 – 07.1990

Primary school, Linz, Austria

Personal skills and competences
Mother tongue:

German

Other languages:

Selected computer
skills:

Reading

Writing

Speaking

English

Very good

Very good

Very good

Spanish, Italian

Good

Fair

Fair

French

Fair

Basic

Basic

Russian

Basic

Basic

Basic

MS Office, ArcGIS, GRASS GIS, ERDAS, R, C, Python, HTML, PHP
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Appendix B2 – Full list of publications
and presentations

The publication list represents the status of 14 November 2014. 1Science Citation Index Expanded
(http://www.thomsonscientific.com/cgi-bin/jrnlst/jloptions.cgi?PC=D, last access: 24 February
2014). Submitted manuscripts are shown in red colour; accepted manuscripts, publications in press
and published work are shown in blue colour. An updated publication list is available at
http://www.mergili.at/publications.html (last access: 14 November 2014).

Peer-reviewed articles in SCIE1 journals
Discussion paper under review
Mergili, M., Marchesini, I., Alvioli, M., Metz, M., Schneider-Muntau, B., Rossi, M., Guzzetti, F.,
2014. A strategy for GIS-based 3-D slope stability modelling over large areas. Geoscientific Model
Development Discussions 7, 5407–5445.

Accepted
Mergili, M., Kerschner, H. Gridded precipitation mapping in mountainous terrain combining
GRASS and R. Accepted by the Norwegian Journal of Geography.

2014
Mergili, M., Marchesini, I., Rossi, M., Guzzetti, F., Fellin, W., 2014. Spatially distributed threedimensional slope stability modelling in a raster GIS. Geomorphology 206, 178–195.

2013
Gruber, F.E., Mergili, M., 2013. Regional-scale analysis of high-mountain multi-hazard and risk
indicators in the Pamir (Tajikistan) with GRASS GIS. Natural Hazards and Earth System Sciences
13, 2779–2796.
Borsdorf, A., Mergili, M., Ortega Fernández, L.A., 2013. La Reserva de la Biósfera Cinturón Andino, Colombia. ¿Una región modelo de estrategias de adaptación al cambio climático y el desarrollo
regional sustentable? Revista de Geografía Norte Grande 55, 7–18. In Spanish.
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Mergili, M., Müller, J.P., Schneider, J.F., 2013. Spatio-temporal development of high-mountain
lakes in the headwaters of the Amu Darya river (Central Asia). Global and Planetary Change 107,
13–24.

2012
Mergili, M., Kopf, C., Müllebner, B., Schneider, J.F., 2012. Changes of the cryosphere in the highmountain areas of Tajikistan and Austria: a comparison. Geografiska Annaler, Series A 94, 79–96.
Mergili, M., Fellin, W., Moreiras, S.M., Stötter, J., 2012. Simulation of debris flows in the Central
Andes based on Open Source GIS: Possibilities, limitations, and parameter sensitivity. Natural
Hazards 61, 1051–1081.
Mergili, M., Schratz, K., Ostermann, A., Fellin, W., 2012. Physically-based modelling of granular
flows with Open Source GIS. Natural Hazards and Earth System Sciences 12, 187–200.

2011
Mergili, M., Schneider, J.F., 2011. Regional-scale analysis of lake outburst hazards in the southwestern Pamir, Tajikistan, based on remote sensing and GIS. Natural Hazards and Earth System
Sciences 11, 1447–1462.

2008
Mergili, M., Privett, S., 2008. Vegetation and vegetation-environment relationships on Grootbos
Nature Reserve (Western Cape, South Africa). Bothalia 38, 89–102.

Other peer-reviewed journal articles and book chapters
Submitted
Mergili, M., Marchant-Santiago, C.I., Moreiras, S.M. Causas, características e impacto de los procesos de remoción en masa en áreas contrastantes de la región Andina. Submitted to Cuadernos de
Geografía: Revista Colombiana de Geografía. In Spanish.

2009
Geitner, C., Mergili, M., Lammel, J., Moran, A.P., Oberparleiter, C., Meißl, G., Stötter, J., 2009.
Modelling peak runoff in small Alpine catchments based on area properties and system status. In:
Veulliet, E., Stötter, J., Weck-Hannemann, H., eds. Sustainable Natural Hazard Management in
Alpine Environments, 103–134. Springer.

Peer-reviewed contributions to conferences (full paper)
***Keynote lecture, ** Oral presentation, * Poster presentation

2015
*Mergili, M., Marchesini, I., Alvioli, M., Rossi, M., Santangelo, M., Cardinali, M., Ardizzone, F.,
Fiorucci, F., Schneider-Muntau, B., Fellin, W., Guzzetti, F. GIS-Based Deterministic Analysis of
Deep-Seated Slope Stability in a Complex Geological Setting. In: Engineering Geology for Society
and Territory – Volume 2 (Proceedings of the IAEG XII Congress, Torino, 15 – 19 September
2014), 1437–1440. Springer.
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2014
Marchesini, I., **Mergili, M., Rossi, M., Santangelo, M., Cardinali, M., Ardizzone, F., Fiorucci, F.,
Schneider-Muntau, B., Fellin, W., Guzzetti, F., 2014. A GRASS GIS approach for deep-seated slope
stability analysis in complex geology. In: Sassa, K., Canuti, P., Yin, Y.,eds. Landslide Science for a
Safer Geoenvironment: Volume 2: Methods of Landslide Studies (Proceedings of the Third World
Landslide Forum, Beijing, June 2 – 6, 2014), 483–490. Springer.

2013
***Schneider, J.F., Gruber, F., Mergili, M., 2013. Impact of large landslides, mitigation measures. In:
Genevois, R., Prestininzi, A., eds. International Conference on Vajont – 1963–2013 – Thoughts
and analyses after 50 years since the catastrophic landslide. Proceedings of the International Conference Vajont 1963–2013, Padua, Italy, 8 – 10 October 2013. Italian Journal of Engineering Geology and Environment – Book, 73–84.
Schneider, J.F., Gruber, F.E., **Mergili, M., 2013. Recent Cases and Geomorphic Evidence of Landslide-Dammed Lakes and Related Hazards in the Mountains of Central Asia. In: Margottini, C.,
Canuti, P., Sassa, K., eds. Landslide Science and Practice: Volume 6: Risk Assessment, Management
and Mitigation. Proceedings of the 2nd World Landslide Forum, FAO Headquarters Rome, Italy,
3–9 October 2011, 57–64. Springer.
**Mergili, M., Fellin, W., 2013. Three-Dimensional Modelling of Rotational Slope Failures with
GRASS GIS. In: Margottini, C., Canuti, P., Sassa, K. (eds.): Landslide Science and Practice: Volume
3: Spatial Analysis and Modelling. Proceedings of the 2nd World Landslide Forum, FAO Headquarters Rome, Italy, 3–9 October 2011, 359–366. Springer.
**Mergili, M., Schratz, K., Ostermann, A., Fellin, W., 2013. A GRASS GIS Implementation of the
Savage-Hutter Avalanche Model and its Application to the 1987 Val Pola Event. In: Margottini,
C., Canuti, P., Sassa, K. (eds.): Landslide Science and Practice: Volume 3: Spatial Analysis and
Modelling. Proceedings of the 2nd World Landslide Forum, FAO Headquarters Rome, Italy, 3–9
October 2011, 367–373. Springer.

2011
**Mergili, M., Müllebner, B., Kopf, C., Schneider J.F., 2011. Changes in the glacial and periglacial
environment of the European Alps and the Central Asian mountains and their socio-economic
implications: a comparison. In: Borsdorf, A., Stötter, J., Veulliet, E., eds., 2011. Managing Alpine
Future II - Inspire and drive sustainable mountain regions. Proceedings of the Innsbruck Conference, 21 – 23 November 2011. IGF-Forschungsberichte 4, 145–154. Verlag der Österreichischen
Akademie der Wissenschaften.
**Mergili, M., Schneider, D., Worni, R., Schneider, J.F., 2011. Glacial Lake Outburst Floods
(GLOFs): challenges in prediction and modeling. In: Genevois, R., Hamilton, D. L., Prestininzi, A.
(eds.): Proceedings of the 5th International Conference on Debris-Flow Hazards Mitigation: Mechanics, Prediction and Assessment, Padua, Italy, 14 – 17 June 2011. Italian Journal of Engineering
Geology and Environment – Book, 973–982.

2009
**Mergili, M., Fellin, W., 2009. Slope stability and Geographic Information Systems: An advanced
model versus the infinite slope stability approach. In: Burova, V.N., ed. Problems of decrease in
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natural hazards and risks: Proceedings of the International Scientifically-Practical Conference
Georisk - 2009, Moscow, Russia, 21 May 2009, Volume 1, 119–124.

2008
**Mergili, M., Schratz, K., Thalhammer, M., Fellin, W., Ostermann, A., 2008. An Open Source
model for the simulation of granular flows: First results with GRASS GIS and needs for further
investigations. Academic Proceedings of the FOSS4G Meeting, Cape Town, 29 September – 3 October 2008. OSGeo 3, 231–238.

2007
*Mergili, M., Fellin, W., 2007. GRASS GIS and modelling of natural hazards: an integrated approach for debris flow simulation. Proceedings of the FOSS4G Meeting, Victoria, Canada, 24 – 27
September 2007, 53–59.
**Mergili, M., Moreiras, S.M., Fellin, W., Stötter, J., 2007. Preliminary results of slope stability
simulations for the prediction of debris flows in the Central Andes (Mendoza, Argentina). Proceedings of the Conference 'Geomorphology for the Future', Obergurgl, Austria, 2 – 7 September
2007, 145–152.
**Mergili, M., 2007. Stereo matching of terrestrial digital photographs – an alternative for the generation of high-resolution DEMs in situations of poor data availability? In: Car, A., Griesebner, G.,
Strobl, J., eds. Geospatial Crossroads @ GI_Forum – Proceedings of the First Geoinformatics Forum, Salzburg, Austria, 4 – 6 July 2007, 110–119. Wichmann.

2006
**Mergili, M., Geitner, C., Moran, A., Stötter, J., 2006. SOILSIM, a GIS-based framework for dataextensive modelling of the spatial distribution of soil hydrological characteristics in small alpine
catchments. In: Strobl, J., Blaschke, T., Griesebner, G., eds. Angewandte Geoinformatik 2006 –
Beiträge zum 18. AGIT-Symposium, Salzburg, 5 – 7 July 2006, 444–453. Wichmann.

Contributions to conferences (abstract)
*** Invited lecture, ** Oral presentation, * Poster presentation

2014
*Mergili, M., Fischer, J.T., Pudasaini, S.P. r.avaflow, an emerging advanced computational framework for simulating two-phase mass flows in high-mountain areas. Submitted to the GAPHAZ
International Workshop on Glacier, Permafrost and High-mountain Hazards and Risks, Torino,
Italy, 14 September 2014.
**Körfgen, A., Mergili, M., Zangerl, C. GIS-based topographic reconstruction and geotechnical
modelling of the Köfels Rockslide (Austria). Geophysical Research Abstracts 16, EGU General
Assembly, Vienna, Austria, 27 April – 2 May 2014.
**Krenn, J., Mergili, M., Ottner, F., Wriessnig, K., Schneider-Muntau, B., Zangerl, C. Towards a
better understanding of a large rotational soil slide (Ludoialm Landslide, Austria). Geophysical
Research Abstracts 16, EGU General Assembly, Vienna, Austria, 27 April – 2 May 2014.
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Marchesini, I., *Mergili, M., Alvioli, M., Metz, M., Schneider-Muntau, B., Rossi, M., Guzzetti, F.
Parallel processing for efficient 3D slope stability modelling. Geophysical Research Abstracts 16,
EGU General Assembly, Vienna, Austria, 27 April – 2 May 2014.
**Mergili, M., Marchesini, I., Schneider-Muntau, B., Cardinali, M., Fiorucci, F., Valigi, D., Santangelo, M., Bucci, F., Guzzetti, F. GIS-based modelling of deep-seated slope stability in complex geology. Geophysical Research Abstracts 16, EGU General Assembly, Vienna, Austria, 27 April – 2
May 2014.

2013
*Mergili, M., Gruber, F.E., Schneider, J.F., 2013. A GRASS GIS model for high-mountain multihazard assessment at the regional scale. 8th IAG International Conference on Geomorphology,
Paris, France, 27 – 31 August 2013.
*Marchesini, I., Mergili, M., Rossi, M., Santangelo, M., Cardinali, M., Fellin, W., Guzzetti, F., 2013.
Application of the GRASS GIS model r.rotstab for the deterministic analysis of deep-seated slope
stability in a complex geological setting. 8th IAG International Conference on Geomorphology,
Paris, France, 27 – 31 August 2013.
Gruber, F.E., Schneider, J.F., **Mergili, M., 2013. High-mountain multihazard assessment in the
Pamir (Tajikistan) with GRASS GIS. Geophysical Research Abstracts 15, EGU General Assembly,
Vienna, Austria, 7 – 12 April 2013.
*Mergili, M., Marchesini, I., Rossi, Guzzetti, F., Fellin, W., 2013. A GRASS GIS-based deterministic model for shallow and deep-seated landslide susceptibility analysis over large areas. Geophysical Research Abstracts 15, EGU General Assembly, Vienna, Austria, 7 – 12 April 2013.

2012
**Mergili, M., Gruber, F.E., Müller, J.P., Schneider, J.F., 2012. High-mountain geohazards in the
Pamir (Tajikistan) induced by climate change. Himalayan-Karakoram-Tibet Workshop (HKT),
Kathmandu, Nepal, 28 – 30 November 2012.
Mergili, M., **Marchesini, I., Rossi, M., Guzzetti, F., Fellin, W., 2012. r.rotstab: a GRASS-based
deterministic model for deep-seated landslide susceptibility analysis over large areas. Open Source
Geospatial Research and Education Symposium (OGRS) 2012, Yverdon-les-Bains, Switzerland, 24
– 26 October 2012.
**Mergili, M., Gruber, F.E., Müller, J.P., Schneider, J.F., 2012. Analysis of high-mountain environmental dynamics and emerging glacial hazards in the Pamir (Tajikistan). PANGEO AUSTRIA,
Salzburg, Austria, 15 – 20 September 2012.
**Thapa, P.B., Mergili, M., 2012. Modelling of debris flows starting from shallow landslides in the
Kathmandu area, central Nepal. International Geological Congress, Brisbane, Australia, 5 – 10
August 2012.
***Mergili, M., Müller, J.P., Schneider, J.F., 2012. Glacial lakes in the headwaters of the Amu Darya
river, Central Asia: spatial distribution and temporal development. International Geological Congress, Brisbane, Australia, 5 – 10 August 2012.
*Müller, J.P., Mergili, M., Schneider, J.F., 2012. Development and characteristics of alpine lakes in
the upper catchment of the Amu Darya river, Central Asia. Geophysical Research Abstracts 14,
EGU General Assembly, Vienna, Austria, 22 – 27 April 2012.
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*Mergili, M., Marchesini, I., Fellin, W., Rossi, M., Raia, S., Guzzetti, F., 2012. A three-dimensional
slope stability model based on GRASS GIS and its application to the Collazzone area, Central Italy.
Geophysical Research Abstracts 14, EGU General Assembly, Vienna, Austria, 22 – 27 April 2012.

2011
*Mergili, M., Kopf, C., Schneider J.F., 2011. Aktuelle und prognostizierte Veränderungen von
Gletschern und Permafrost in den Hochgebirgen Tajikistans. 30. Jahrestagung des AK Klima, Graz,
Austria, 28 – 30 October 2011. In German.
*Mergili, M., Kopf, C., Schneider, J.F., 2011. Recent fluctuations in the glacial and periglacial environment of Tajikistan. Geophysical Research Abstracts 13, EGU General Assembly, Vienna, Austria, 3 – 8 April 2011.
*Schneider, J.F., Mergili, M., 2011. A procedure for analyzing lake outburst hazard and its application to the South-Western Pamir, Tajikistan. Geophysical Research Abstracts 13, EGU General
Assembly, Vienna, Austria, 3 – 8 April 2011.

2010
Mergili, M., Schneider, J.F., 2010. Large landslides related to earthquakes. A direct and indirect
threat to Asian mountain communities. Sixth Nepal Geological Congress, Kathmandu, Nepal, 15 –
17 November 2010.
***Mergili, M., Schneider, J.F., Kopf, C., Müllebner, B., 2010. Fluctuations of the cryosphere and
related hazards in Central Asia. CAGS Workshop, Almaty, Kazakhstan, 24 – 25 June 2010.
**Mergili, M., Schneider, D., Andres, N., Worni, R., Gruber, F., Schneider, J. F., 2010. Challenges
in understanding, modelling, and mitigating Lake Outburst Flood Hazard: experiences from Central Asia. Geophysical Research Abstracts 12, EGU General Assembly, Vienna, Austria, 2 – 7 May
2010.
**Schneider, J.F., Mergili, M., Schneider, D., 2010. Analysis and mitigation of remote geohazards in
high mountain areas of Tajikistan with special emphasis on glacial lake outburst floods. Geophysical Research Abstracts 12, EGU General Assembly, Vienna, Vienna, Austria, 2 – 7 May 2010.

2009
*Mergili, M., Schneider, J.F., 2009. Capacity-building and risk mitigation strategies for remote
geohazards in Tajikistan. Glacier Hazard Workshop 2009, Vienna, Austria, 10 – 13 November
2009.
*Schneider, J.F., Mergili, M., 2009. Assessment of remote geohazards in high mountain areas of
Tajikistan, with special emphasis on GLOFs and the breach of natural dams. Glacier Hazard Workshop 2009, Vienna, Austria, 10 – 13 November 2009.
**Mergili, M., Schratz, K., Ostermann, A., Fellin, W., 2009. Integration of complex models for
slope stability and landslide runout with GIS. Geophysical Research Abstracts 11, EGU General
Assembly, Vienna, Austria, 19 – 24 April 2009.

2008
Geitner, C., Meißl, G., Tusch, M., Mergili, M., 2008. Zusammenhänge zwischen Relief und Böden
in den Alpen und deren mögliche Inwertsetzung für die hydrologische Charakterisierung von
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Einzugsgebieten. Tagungsband zur 3. Mitteleuropäischen Geomorphologietagung, Fachbereich
Geographie und Geologie der Universität Salzburg, 23 – 28 September 2008, 56. In German.
**Mergili, M., Schratz, K., Moreiras, S., Thalhammer, M., Stötter, J., Ostermann, A., Fellin, W.,
2008. Simulation of debris flows based on Open Source GIS. 33rd International Geological Congress, Oslo, Norway, 6 – 14 August 2008.
**Mergili, M., Fellin, W., Moreiras, S.M., Stötter, J., 2008. Integrated modelling of debris flows in
the Central Andes based on Open Source GIS. Geophysical Research Abstracts 10, EGU General
Assembly, Vienna, Austria, 13 – 18 April 2008.

2007
**Mergili, M., Bucher, K., Kerschner, H., 2007. GRADGRID4 – an advanced spatial interpolation
tool combining GRASS and R functions. FOSS4G Meeting, Victoria, Canada, 24 – 27 September
2007.

2006
*Mergili, M., Lammel, J., Moran, A., Oberparleiter, C., Geitner, C., Stötter, J., 2006. SYCOSIM - a
GIS-based tool for assessing extreme runoff events of small alpine catchments using open source
software. Geophysical Research Abstracts 8, EGU General Assembly, Vienna, Austria, 2 – 7April
2006.

Monographs and reports
Mergili, M., Straka, W., Gruber, F.E., Schneider, J.F., 2013. High-mountain hazard and risk assessment in the Pamir. Project report, Hilfswerk Austria International.
Borsdorf, A., Marchant, C., Mergili, M., eds., 2013. Agricultura Ecológica y Estrategias de Adaptación al Cambio Climático en la Cuenca del Río Piedras. Editorial Fundación EcoHabitats. In Spanish.
Borsdorf, A., Mergili, M., eds., 2011. Kolumbien im Wandel. Erkenntnisse und Eindrücke einer
dreiwöchigen Studienexkursion durch Zentral- und Südkolumbien. inngeo – Innsbrucker Materialien zur Geographie 14. In German.
Schneider, J.F., Mergili, M., et al., 2010. Remote Geohazards in High Mountain Areas of Tajikistan
– Assessment of hazards connected to lake outburst floods and large landslide dams in selected
areas of the Pamir and Alai mountains. Project report, FOCUS Humanitarian Assistance.
Schneider, J.F., Mergili, M., Kleinbauer, I., et al., 2010. Mountain Geohazard Assessment Model –
Workflow and manual for the assessment of remote geohazards in high mountain areas with emphasis on GIS and remote sensing methods. Project report, FOCUS Humanitarian Assistance.
Mergili, M., 2008. The Vegetation of Grootbos Nature Reserve. Fynbos and Forest Ecosystems at
the Southernmost Tip of Africa. Verlag Dr. Müller.
Erhard, A., Steinicke, E., Henzinger, E., Mergili, M., eds., 2007. Von den Quellen des Nils zum
Mount Kenya. Eindrücke einer geographischen Exkursion durch Uganda und Kenia im Februar
2006. Institute of Geography, University of Innsbruck.
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Corrigendum
Mergili, M., Schneider, J.F., 2012. Corrigendum to "Regional-scale analysis of lake outburst hazards in the southwestern Pamir, Tajikistan, based on remote sensing and GIS" published in Nat.
Hazards Earth Syst. Sci., 11, 1447–1462, 2011. Natural Hazards and Earth System Sciences 12, 393–
394.

Dissertation
Mergili, M.,2008. Integrated modelling of debris flows with Open Source GIS: Numerical simulations of triggering, mobilization, and runout of debris flows for selected study areas along the
Trans-Andean road corridor Mendoza – Valparaíso.

Diploma thesis
Mergili, M., 2005. The Vegetation of Grootbos Nature Reserve. GIS-based Mapping and Numerical
Analysis.

Invited lectures
Mergili, M., 2012. Modelling of slope stability and landslide motion with GRASS GIS. CNR IRPI,
Perugia, Italy, 26 March 2012.
Mergili, M., 2008. The use of GIS for landslide risk analysis and management. Geo Kolloquium,
University of Graz, Austria, 11 December 2008. In German.
Mergili, M., 2006. Die Ökozonen der Erde. Ein Überblick. Institute of Geography of the University of Innsbruck, Austria, May 2006. In German.

Public presentations
Mergili, M., 2009. Von den Quellen des Nils ins Reich der Riesenlobelien. Landschaften und Lebensräume des östlichen Afrika. Presentation at the Association for the Protection of Local Wetlands, Innsbruck, Austria, 17 December 2009. In German.
Mergili, M., 2008. Galápagos: Streifzüge durch das Land der Drachen und Vulkane. Presentation at
the Association for the Protection of Local Wetlands, Innsbruck, Austria, 15 May 2008. In German.
Mergili, M., 2007. Zwischen Feuerland und Vancouver. Eine photo- und geographische Reise
durch den Westen zweier Subkontinente. Presentation at the Institute of Geography of the University of Innsbruck, Austria, 28 November 2007. In German.
Mergili, M., 2003. Tenerife - Insel der Gegensätze. Presentation at the Institute of Geography of
the University of Innsbruck, Austria, 24 June 2003. In German.
Mergili, M., 2003. Norwegen - Das Tor zur Arktis. Presentation at the Institute of Geography of
the University of Innsbruck, Austria, 16 January 2003. In German.
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Appendix B3 – Scientific internet
services

The table below represents the status of 14 November 2014. All services listed are freely accessible
at my personal web site http://www.mergili.at (last access: 14 November 2014).

Open Source applications of computer models
All applications listed are based on the open source software GRASS GIS (Neteler and
Mitasova, 2007; GRASS Development Team, 2014) and are available or linked at
http://www.mergili.at/software.html along with manuals and test datasets. The tools are no
ready-to-use software packages, but rather experimental codes only for scientific purposes,
their handling requiring advanced computer skills. All tools are distributed under the GNU
General Public License (http://www.gnu.org/copyleft/gpl.html, last access: 14 November 2014).

Name

Description

gradgrid4

Spatial interpolation tool for the generation of gridded maps from irregularly spaced point data; use of the R statistical software (R Core Team,
2014); developed for precipitation mapping in mountain areas (Pub. 14).

r.avaflow

Granular flow model founded on the Savage-Hutter model (Savage and
Hutter, 1989) suitable mainly for large rock avalanches with relatively
straight flow path (Pub. 7). Available at http://www.avaflow.org, last access: 14 November 2014.

r.debrisflow

Integrated modelling of debris flows, including mobilization through rainfall-induced shallow slope failure or channel erosion; travel distance and
impact area (Pub. 8).

r.multirisk

Indicator analysis framework for high-mountain hazards and risks:
r.rockslide for rock slides; r.iceaval for ice avalanches; r.periflow for periglacial debris flows; r.glof for lake outburst floods; r.multirisk.sh for the
resulting risk indicator (Pubs. 6 and 14).

602 Appendix B3

r.slope.stability

Three-dimensional slope stability model for large areas based on ellipsoidal
or truncated slip surfaces (Pubs. 15, 17 and 18). Available at
http://www.slopestability.org, last access: 14 November 2014.

Length changes of Austrian glaciers 1970 – 2013
URL

http://www.mergili.at/earthsciences/glacchange.html (last access: 14 November 2014)

Description

The user encounters a list dialog with 44 Austrian glaciers. Selecting one
of the entries, the annual length changes and cumulative length changes of
the glacier since 1970 are illustrated for each year. Averages for each
mountain group as well as for the entire country can be selected and displayed, too.

Source and license

The original data were compiled from the annual glacier reports published
by the Austrian Alpine Club. For legal regions, the data table is not provided for download, but a direct link to the source is provided. The diagram may be used under a Creative Commons Attribution – Non Commercial – Share Alike 3.0 Unported License
(http://creativecommons.org/licenses/by-nc-sa/3.0/, last access:
14 November 2014).

The world in images
URL

http://www.mergili.at/worldimages (last access: 14 November 2014)

Description

Database of high-quality photographs of geographic relevance, containing
approx. 4300 images from all around the world. The structure of the database follows a geographic system. All photos are tagged according to one
or more themes represented, so that the photos assigned to each theme can
be displayed together. Further, coordinates are assigned to all images: collections of images according to arbitrary regions or themes can be displayed in a Google® Maps environment.

License

I am the author of the vast majority of all photographs; the database builds
on the piwigo gallery. All images may be used under a Creative Commons
Attribution – Non Commercial – Share Alike 3.0 Unported License
(http://creativecommons.org/licenses/by-nc-sa/3.0/, last access:
14 November 2014). Due to limited web space available, all photos are
provided at reduced size (short side: 500 pixels), the full-resolution images
can be requested for non-commercial purposes.
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Appendix B4 – Leadership of funded
research projects

The table below represents the status of 14 November 2014.

07.2014 –
06.2017

avaflow (A GIS simulation model for avalanche and debris flows)

Functions

Leader of the Austrian part of the project, deputy leader of the entire project

Funding

Transnational D-A-CH project, German Research Foundation (DFG, lead
agency) and Austrian Science Fund (FWF), total project sum: €755,000, FWF:
€357,000

Partners

University of Bonn (Germany), University of the Federal Armed Forces Munich (Germany), University of Innsbruck (Austria), Federal Research and
Training Centre for Forests, Natural Hazards and Landscape, Innsbruck (Austria)

Summary

This project is concerned with rapid geophysical mass flows, including avalanches and real two-phase debris flows, from a known initiation zone
through the flow path along natural mountain topography to the deposition
zone. For a given amount of mass and its distribution in the initiation zone, we
are interested in the motion and geometric deformation along the track down
the arbitrary topography, including the processes of erosion and deposition
and the effect of dynamically evolving pore fluid pressure and/or evolution of
the solid and the fluid components. An equally important focus shall be put
onto the development of a user-friendly and freely accessible application of
the developed model. This application will build upon the open source GIS
software GRASS. The new software will be evaluated using physical model
tests and well-documented mass flow events. These tests will cover a broad
range of processes and process chains including debris flows, debris avalanches
and avalanches of snow or rocks.

Web site: http://www.avaflow.org (last access: 14 November 2014)
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01.2011 –
12.2013

PAMIR (Poverty Alleviation through Mitigation of Integrated highmountain Risk)

Functions

Project leader for the BOKU (since 05.2012), before deputy leader

Funding

European Commission, Austrian Development Agency (ADA), total project
sum: €1.7 million, BOKU: €284,000

Partners

Hilfswerk Austria International (Lead partner), FOCUS Humanitarian Assistance, MSDSP Kyrgyzstan, Government of Tajikistan, Tajik Academy of Sciences

Summary

The project, which builds on the project TajHaz, aims at the improvement of
the coping capacity of the rural population in the border areas Tajikistan/Afghanistan and Tajikistan/Kyrgyzstan with mountain geohazards. The
task of the BOKU is to identify high-mountain geohazards potentially affecting
the population. First, potentially hazardous areas are identified by remote
sensing techniques; selected areas are then surveyed in detail in the field. Hazard scenarios are built (computer modelling) and hazard indication maps are
prepared. These are used by the project partners for the implementation of risk
mitigation strategies. The use of natural resources for risk mitigation (e.g.
through afforestation) is promoted. Emphasis is put on a close cooperation
with the local scientists and stakeholders.

04.2009 –
05.2010

TajHaz (Remote Geohazards Assessment in Tajikistan)

Function

Deputy leader for the BOKU

Funding

Swiss Agency for Development and Cooperation, Department for International
Development (United Kingdom), project sum: €534,000

Partners

FOCUS Humanitarian Assistance (Tajikistan), University of Zurich (Switzerland), Government of Tajikistan, Tajik Academy of Sciences, Gesellschaft für
Technische Zusammenarbeit (Germany)

Summary

The principal goal of the project was to improve the preparedness of the population in three selected regions of Tajikistan to high-mountain geohazards. Potentially hazardous areas were identified by remote sensing techniques; selected areas were then visited in the field. Hazard scenarios and hazard indication
maps were generated by a combination of modelling and mapping tools. Suitable risk mitigation strategies were implemented by the project partners. In all
stages of the project, emphasis was put on a close cooperation with the local
scientists (including a capacity-building workshop) and stakeholders.
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02.2008 –
03.2009

Debris Flows as Natural Hazards Along the Trans-Andean Corridor
Mendoza – Valparaíso

Functions

Applicant and project leader

Funding

Tyrolean Science Funds (FWF), project sum: €35,000

Partner

CRICYT (Mendoza, Argentina), Division of Geotechnical and Tunnel Engineering and Department of Mathematics, University of Innsbruck (Austria)

Summary

The strategically important international road connection from western Argentina (Mendoza) to central Chile is affected by various types of mass movements, including debris flows. The project was concerned with computer simulations of such debris flows and the evaluation of the suitability of this methodology for debris flow prediction. The GRASS GIS-based models r.debrisflow
and r.avalanche were used and further developed for this purpose.
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Appendix B5 – Supervised master and
bachelor theses

The table below represents the status of 14 November 2014. Theses in progress are shown in red
colour; completed theses are shown in blue colour. Abbreviations denote the university and the
study program: BOKU = University of Natural Resources and Life Sciences, UIBK = University of
Innsbruck; AN = Alpine Naturgefahren (Alpine Natural Hazards), KT = Kulturtechnik (Environmental Engineering), M = Mathematics, MRE = Mountain Risk Engineering. All master and diploma candidates will complete/have completed with the degree of Dipl.-Ing. (Graduate engineer),
all bachelor candidates will complete/have completed with the degree of B.Sc. (Bachelor of sciences). 1For theses in progress, the working title is provided. Theses where the title is given in German are also written in German, a free translation of the title is given in italic letters. All theses
with English title are also written in English. 2Time of completion, the projected time of completion is given for theses in progress. 3Completion of the post-doctoral lecture qualification is required to be primary supervisor of master theses – therefore my role is/was that of the cosupervisor. 4Bachelor theses at the BOKU are generally elaborated jointly by two candidates.
5Further, they are served by two supervisors, no post-doctoral lecture qualification is needed here.

Master and diploma theses
Candidate

Title1

Month.
Year2

Primary supervisor3

Sarah Merkl

Gefahrenpotential von Gletscherseen in Tirol
unter Betrachtnahme deren räumlicher und
zeitlicher Entwicklung

03.2015

Markus Fiebig

03.2015

Markus Fiebig

BOKU, KT

Spatio-temporal development of glacial lakes
in Tyrol and associated hazards
Johannes
Wolf
BOKU, KT

Geomorphological evidence of former glaciations and recent permafrost distribution at
the Paso de Agua Negra, Argentina
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Mass movements along the international
road corridor Paso de Agua Negra – geomorphological evidence and preliminary susceptibility mapping

03.2015

Markus Fiebig

The mineralogy of clays in the Collazzone
area (Umbria, central Italy)

12.2014

Franz
Ottner

Spatial distribution of soil depth in the Collazzone area (Umbria, central Italy)

12.2014

Franz
Ottner

Geological characteristics and GIS-based
modelling of landslide distribution in the
Okharpauwa area, central Nepal

11.2014

Jean F.
Schneider

The Ludoialm landslide, Tirol – geotechnical
characterization and spatio-temporal development

11.2014

Christian
Zangerl

Reconstructing the mechanisms of onset and
motion of the prehistoric Köfels Rock Slide,
Tirol

11.2014

Christian
Zangerl

Glacial Lake Outburst Floods (GLOFs) and
related process chains: observation and modelling of the 2002 Dasht and 2008 Garmchashma events (Pamir, Tajikistan)

07.2014

Johannes
Hübl

Investigation on human influences and the
geological background of landslide processes
in the Kathmandu area, central Nepal, based
on material properties and GIS analyses

08.2013

Jean F.
Schneider

Spatial and temporal development of high
mountain lakes in the Pamir

11.2012

Jean F.
Schneider

05.2012

Jean F.
Schneider

BOKU, KT

Comparison of remote sensing based and
ground based methods for the generation of
digital elevation models

Fabian E.
Gruber

The Attabad Landslide Dam Lake: modelling
and prediction of Lake Outburst Floods

06.2011

Jean F.
Schneider

Automatic detection of geomorphological
units in a high mountainous area of Tajiki-

06.2011

Jean F.
Schneider

Ruben Tutzer
BOKU, KT
Johannes
Müller
BOKU, KT
David Frohn
BOKU, KT
Franziska
Dolp
BOKU, AN
Julia Krenn
BOKU, KT
Annemarie
Körfgen
BOKU, KT
Ángela DíazFernández
BOKU,
MRE
Markus
Haidn
BOKU, KT
Johannes P.
Müller
BOKU, KT
Christoph
Waldhör

BOKU, KT
Hubert
Amon

Appendix B5 609

BOKU, KT

stan by employing an object-based analysis
approach

Christian
Kopf

Glacier extent changes in the Pamir mountains (Tajikistan) and their implications to
natural hazard processes

04.2011

Jean F.
Schneider

Modelling of potential permafrost areas in
the Pamir and Alai mountains (Tajikistan)
using Remote Sensing and GIS techniques

06.2010

Jean F.
Schneider

Modelling of landslides and avalanches mathematical and numerical analysis

01.2009

Alexander
Ostermann

Candidate

Title1

Year2

Cosupervisor5

Stefan Fugger

Spatial distribution of geotechnical soil characteristics in the Collazzone area, Umbria,
central Italy

03.2014

Ivan Marchesini

BOKU,
MRE
Bernhard
Müllebner
BOKU,
MRE
Katharina
Schratz
UIBK, M

Bachelor theses4

BOKU, KT
Sebastian
Matz
BOKU, KT
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Appendix B6 – Teaching activities

The table below represents the status of 14 November 2014. Terms or dates of planned teaching
activities are shown in red colour; terms or dates of completed activities are shown in blue colour.
FT = fall term, ST = spring term. 1Type of my involvement: *** leader, even though other persons
may be involved in the design and realization of the lecture, ** important role in the design and
realization of the lecture together with other persons, * minor role, the leadership in the design
and realization of the lecture is taken by one or more other persons. Type of lecture: VU = lecture
with exercises, UE = Exercise, VS = lecture with seminar, EX = excursion, PR = proseminar,
EU = Excursion with exercises. The number following the type of lecture denotes the associated
number of hours per week per term. 2Lectures where the title is given in German are also held in
German, a free translation of the title is given in italic letters. All lectures with English title are
also held in English. 3Target group: MULT = mandatory or optional subject for more than three
study programmes, AN = Alpine Naturgefahren (Alpine Natural Hazards), KT = Kulturtechnik und
Wasserwirtschaft (Environmental Engineering), WU = Wasserwirtschaft und Umwelt (Water
Management), LI = Landmanagement, Infrastruktur und Bautechnik (Land Management and Civil
Engineering) and GEO = Geography; B = bachelor programme or first part of diploma programme,
M = master programme, PhD = PhD programme, P = pedagogic programme. 4Official title of the
lecture: EDV in der Angewandten Geologie (Computing in Applied Geology).
Detailed information with regard to the university lectures and lecture materials can be downloaded from the teaching information and download centre of my web site:
http://www.mergili.at/teaching.html (last access: 14 November 2014).

Teaching at the University of Natural Resources and Life Sciences (BOKU), Vienna
Terms

Type1, Title2, Target group3

Summary

FT2014
FT2013

***VU2, GIS and remote
sensing in geosciences,

FT2012

MULT – B, M, PhD

Training course on how to efficiently use GIS
and Remote Sensing in various fields of applied geosciences. Focus on processing and
analysis of remotely sensed datasets, emphasis
on optical and infrared satellite imagery and
digital elevation models.

FT2011
FT20104
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FT2014
FT2013
FT2012
FT2011
FT2010

**UE1, Gesteinskunde –
Übungen, Geologie,

Petrology exercises, geology
exercises,
MULT – B

Introductory lecture for several study programs. Identification, characteristics and evolution and distribution of the most common
types of minerals and rocks. In my part of the
lecture, the focus is put on magmatic rocks.

FT2009
FT2014
FT2013
FT2012
FT2011
FT2009

***VS2, Gefahren durch
Massenbewegungen Rutschungen,

Landslide hazards,
AN, KT – M
*VU2, Labormethoden in
der Angewandten Geologie,

Laboratory exercises in applied geology,

General introduction to landslides and related
phenomena; various examples from Austria
and abroad are presented and discussed. Then,
groups of students critically read and discuss
relevant scientific articles.
Training course on laboratory methods for analyzing the characteristics of rock and water
samples, such as mineralogical composition
and water quality.

KT, WU, LI – M
ST2014
ST2012

*EX1.5, Spezialexkursion
Angewandte Geologie,

Excursions to various places of interest for applied geology.

Excursion on topics of applied geology,
MULT – M, PhD

ST2014
ST2013
ST2012
ST2011
ST2010

**PR2, Angewandte Geologie – Feldpraktikum,

Field exercises in applied
geology,
KT, WU, LI – M

Introduction to field techniques in applied geology including observation, mapping and
measurements. Focus on stability and movements of bedrock and residual rock. Study objects are an earth flow and a quarry in the Attersee region, Upper Austria.

ST2009

Teaching at the University of Innsbruck
Terms

Type1, Title2, Target group3

Summary

ST2014

***PS2, Proseminar Physische Geographie I, Kurs 5

The students have to interpret photographs
with physical-geographic content and present
their findings in oral and written form.

Proseminar in physical geography I, course 5
GEO – B, P
ST2011

**EU4, Exkursion Kolumbien,

Three-week-excursion to various places in the
Andes of Colombia, covering a broad field of
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Excursion to Colombia,
GEO – B, P

ST2007

**UE2, Übungen zur Bodenund Vegetationsgeographie

Exercises on soil and vegetation geography,

geographically relevant topics. Focus on sustainable development in the biosphere reserve
Cinturón Andino, including a small project in
cooperation with local farmers.
Introduction to basic field techniques for the
preparation and analysis of soil profiles and
vegetation plots

GEO – B
2003 –
2006

Assignments as teaching assistant for numerous courses of the geography programmes at the University of Innsbruck, particularly in the fields of GIS and soil
and vegetation geography.

Teaching activities beyond the regular university system
Date

Type1, Title2

Summary

07.2013

**KIDZ – Kompetent in
die Zukunft

“Alpine research week” for students at the age
of 13–14, organized by the University of Innsbruck in Obergurgl, Tyrol, Austria. My function: expert on alpine soil and vegetation.

KIDZ – Competent into
the future
08.2009

**GIS and Remote Sensing
Workshop

Training course on GIS and remote sensing for
Tajik geoscientists, held in Khorog (Tajikistan)
within the project TajHaz (see Appendix B4).
My role: instructor.

06.2008

**Photo Workshop

Photography workshop organized by the geography students’ representatives at the University of Innsbruck, held in Nösslach, Tyrol, Austria. My role: instructor.

02.2009

**FIT – Frauen in die
Technik

Information workshops encouraging female
students in the pre-university age to choose
higher education pathways in technical fields.
My role: presentations on study programs and
possible research fields in mathematics and geography, University of Innsbruck.

02.2008

FIT – Women into the
field of Engineering
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Appendix C – Supportive external
documents and links

The links were last updated on 14 November 2014.

Citation reports (linked)
The distribution of citation reports is subject to copyright restrictions. Below are the links to
my reports computed through three different services. 1Up-to-date reports may be created
manually. Accessing the links or creating updated reports requires an account for the service.
2This service updates the report automatically and no account is required to access the report.

Service

Link

Web of Science
(Thomson-Reuters)1

http://apps.webofknowledge.com/CitationReport.do?product=UA&s
earch_mode=CitationReport&SID=Y2kqAQcNvu5agY1uKha&page
=1&cr_pqid=1&viewType=summary

Scopus (Elsevier)1

http://www.scopus.com/cto2/main.url?ctoId=CTODS_541028888&o
rigin=resultslist

Google Scholar2

http://scholar.google.at/citations?hl=en&user=T-Qb0XsAAAAJ

Teaching evaluations (attached)
Only those evaluations are included where (i) at least 10 students have participated and (ii) the
evaluation results clearly relate to my contribution to the lecture (i.e., evaluations for lectures
with multiple instructors are excluded). See Appendix B6 for abbreviations and explanations.
ST 2014, University of Innsbruck

Proseminar Physische Geographie I

FT 2014, BOKU

Gefahren durch Massenbewegungen – Rutschungen

FT 2013, BOKU

Gefahren durch Massenbewegungen – Rutschungen

LVA

Ergebnisbericht zur LV 716099-0

Lehveranstaltungsanalyse Sommersemester 2014

X
Mag. Dr. Mergili Martin
Proseminar zur physischen Geographie 1, Kurs 5 Institut für Geographie, Proseminar 2, wöch.
An der Erhebung haben 19 Personen teilgenommen.

Angabe der Studierenden zu Pflicht-/Wahlfach sowie Art des Studiums
Als Pflichtfach besuchten diese LV

18

Studierende,

Die Studierenden besuchten diese LV im
Rahmen folgenden Studiums:

1

Studierende besuchten diese LV als Wahlfach

8

Bachelorstudiums

0

Diplomstudium

0

Doktorat / PhD-Studium

11

Lehramtsstudium

0

Masterstudium

0

weiß nicht/nicht beantwortbar

1) Inhalt und Aufbau

stimme völlig zu

stimme teilw. zu

stimme gar nicht
zu

Weiß nicht bzw.
Fragen nicht
beantwortbar

arithmet.
Mittelwert

Standardabweichung

Antworten
insgesamt

Der/Die LV-LeiterIn ...
a) hat die Lernziele klar definiert

15

4

0

0

0

0

1.2

0.4

19

b) orientiert sich inhaltlich an den vorgegebenen Lernzielen

16

3

0

0

0

0

1.2

0.4

19

c) macht den thematischen roten Faden deutlich sichtbar

16

1

1

0

0

1

1.2

0.5

19

d) macht Bezüge zwischen dem Thema der LV und der
wissenschaftlichen bzw. beruflichen Praxis deutlich

18

1

0

0

0

0

1.1

0.2

19

1.1

Mittelwert: Inhalt und Aufbau
Streuung (StdAbw.): Inhalt und Aufbau

2) Vermittlung und Aufbereitung

0.4
stimme völlig zu

stimme teilw. zu

stimme gar nicht
zu

Weiß nicht bzw.
Fragen nicht
beantwortbar

arithmet.
Mittelwert

Standardabweichung

Antworten
insgesamt

a) wirkt gut vorbereitet und trägt den Lehrstoff sicher vor

18

1

0

0

0

0

1.1

0.2

19

b) passt das Tempo der LV dem Schwierigkeitsgrad an

17

2

0

0

0

0

1.1

0.3

19

c) kann schwierige Sachverhalte gut erklären

18

1

0

0

0

0

1.1

0.2

19

d) lässt Raum für Verständnisfragen

19

0

0

0

0

0

1.0

0.0

19

e) gestaltet die LV lebendig und engagiert

18

1

0

0

0

0

1.1

0.2

19

f)

18

1

0

0

0

0

1.1

0.2

19

11

0

1

0

0

7

1.2

0.6

19

beantwortet komplexe Fragen verständlich

g) reagiert angemessen auf Kritik

1.1

Mittelwert: Vermittlung und Aufbereitung
Streuung (StdAbw.): Vermittlung und Aufbereitung

3) Fairness und Pünktlichkeit

0.3
stimme völlig zu

stimme teilw. zu

stimme gar nicht
zu

Weiß nicht bzw.
Fragen nicht
beantwortbar

arithmet.
Mittelwert

Standardabweichung

Antworten
insgesamt

a) Der/Die LV-LeiterIn ist bemüht Frauen u. Männer gleichermaßen
anzusprechen

18

1

0

0

0

0

1.1

0.2

19

b) Der/Die LV-LeiterIn qualifiziert niemanden ab

19

0

0

0

0

0

1.0

0.0

19

c) Die LV beginnt in der Regel pünktlich

19

0

0

0

0

0

1.0

0.0

19

d) Die LV endet in der Regel pünktlich

15

3

0

0

0

1

1.2

0.4

19

e) Die LV fand bisher regelmäßig statt

17

0

0

1

0

1

1.2

0.7

19

4) Studentisches Interesse

stimme völlig zu

stimme teilw. zu

stimme gar nicht
zu

Weiß nicht bzw.
Fragen nicht
beantwortbar

arithmet.
Mittelwert

Standardabweichung

Antworten
insgesamt

a) Die Thematik der LV hat mich bereits vor dem Besuch der LV
sehr interessiert

13

3

2

1

0

0

1.5

0.9

19

b) Der/Die LV-LeiterIn hat mein Interesse am Fachgebiet der LV
geweckt
c) Ich würde die LV anderen Studierenden empfehlen

14

4

0

0

0

1

1.2

0.4

19

18

1

0

0

0

0

1.1

0.2

19
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5) Studierverhalten

fast immer

praktisch nie

Weiß nicht bzw.
Fragen nicht
beantwortbar

arithmet.
Mittelwert

Standardabweichung

Antworten
insgesamt

a) Ich besuche die Lehrveranstaltung

19

0

0

0

0

0

1.0

0.0

19

b) Ich bereite mich selbstständig (außerhalb der LV) auf die
einzelnen LV-Stunden vor
c) Ich bearbeite die einzelnen LV-Stunden selbstständig
(außerhalb der LV) nach

5

11

3

0

0

0

1.9

0.7

19

2

9

5

2

1

0

2.5

1.0

19

6) Rahmenbedingungen

viel zu klein

a) Das Sitzangebot im Raum, in dem die LV vorwiegend stattfand,
ist ...
*
b) Der Raum wurde von den vorhergehenden BenutzerInnen in
einem akzeptablen Zustand hinterlassen (gelöschte Tafel,
Tischordnung, ...)
*
c) Die technische Ausstattung des Raumes erscheint mir
ausreichend
*
d) Die Zahl der TeilnehmerInnen ist der Art und Anforderung der
LV (VO, SE, UE, etc.) angemessen

7) Lernaufwand, Prüfungsinfo, Schwierigkeit

genau richtig

0

0

viel zu groß

17

2

stimme
teilw. zu

stimme
völlig zu

12

5

15

4

0

16

3

stimme völlig zu

Standardabweichung

Antworten
insgesamt

0

3.1

0.3

19

0

1

1.4

0.6

19

0

1.2

0.4

19

stimme gar
nicht zu

0

0

stimme
teilw. zu

stimme
völlig zu

arithmet.
Mittelwert

stimme gar
nicht zu

1
stimme
teilw. zu

stimme
völlig zu

0

Weiß nicht bzw.
Fragen nicht
beantwortbar

0
stimme gar
nicht zu

0

0

stimme teilw. zu

0

stimme gar nicht
zu

0
Weiß nicht bzw.
Fragen nicht
beantwortbar

1.2
arithmet.
Mittelwert

0.4
Standardabweichung

19
Antworten
insgesamt

a) Der/Die LV-LeiterIn verlangt einen angemessenen Lernaufwand

14

5

0

0

0

0

1.3

0.5

19

b) Der/Die LV-LeiterIn gibt ausreichend Information zu
Prüfungsanforderungen und Prüfungsmodalitäten der LV

15

2

0

0

0

2

1.1

0.3

19

zu
einfach

eher
einfach

genau
richtig

eher
schwierig

zu
schwierig

0

0

19

0

0

0

3.0

0.0

19

c) Für mich ist die LV (bezogen auf ihren Schwierigkeitsgrad)
insgesamt

*
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Hilfe

872301 14W 2SSt VS Gefahren durch Massenbewegungen - Rutschungen

Ansicht Onlineversion Druckversion
Stellungnahme hinzufügen/bearbeiten

Evaluierungsergebnis

Einsichtstatus:
Gesamtergebnis:

freigegeben von Mergili, Martin; Dr., am 23.10.2014
freigeben

sperren

Eintragen

Abbrechen

Bitte beachten Sie, dass Sie hier auch im Namen Ihrer Mitvortragenden entscheiden.
Das Evaluierungsergebnis kann nur einmal freigegeben/gesperrt werden - von jedem/jeder der Vortragenden.
Gruppenfilter Alle Gruppen
Studienfilter Alle Studien
Evaluierungszeitraum: 03.10.2014 - 22.10.2014
Zur Evaluierung berechtigte Studierende: 47; Ausgefüllte Fragebögen: 14; Rücklaufquote in %: 29,79

1) Universitätseinheitlicher Teil
Anzeigeergebnis:

freigeben

Textantworten und Anmerkungen sperren

Eintragen

1.1) Wie häufig haben Sie die Lehrveranstaltung bisher besucht? [I attended the course...] (13 x beantwortet)
(fast) immer [(nearly) always]
zu ca. 50% [50% of the time]
eher selten [rarely]

84.6% (11x)
15.4% (2x)
0.0% (0x)

1.2) Der/die LV-LeiterIn [The lecturer] …
verhält sich den Studierenden gegenüber freundlich, respektvoll und kooperativ [is friendly, respectful and cooperative
towards her/his students] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

100.0% (14x)

(2)

0.0% (0x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,00
1

2

Q-25: 1,00

0.0% (0x)

Standardabw.: 0,00
3

4

Median: 1,00

5

Q-75: 1,00

erläutert die Lehrinhalte klar und verständlich [explains the teaching content in a clear und understandable way] (14 x
beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

92.9% (13x)

Standardabw.: 0,26

7.1% (1x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,07
1

2

Q-25: 1,00

0.0% (0x)

3

4

Median: 1,00

5

Q-75: 1,00

ermuntert die Studierenden zu kritischen Fragen und Anmerkungen [encourages the students to ask questions and
comment in a critical way] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

92.9% (13x)

Standardabw.: 0,26

7.1% (1x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,07

0.0% (0x)

1

Q-25: 1,00

2

3

Median: 1,00

4

5

Q-75: 1,00
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1.3) In dieser Lehrveranstaltung [In this course]…
wird vor/zu Beginn ausreichend über die Beurteilungskriterien informiert [there is sufficient information about the
assessment criteria before/at the beginning] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

71.4% (10x)

(2)

Standardabw.: 0,45

28.6% (4x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,29
1

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 1,75

0.0% (0x)

gibt es sehr gute Lernunterlagen (Bücher, Skripten, Kopien der Präsentation, Neue Medien, ...) [there are very good
learning materials available (books, course packets, copies of presentations, new media, etc.)] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,57

57.1% (8x)

(2)

Standardabw.: 0,73

28.6% (4x)
1

14.3% (2x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 2,00

0.0% (0x)

wird aktives Mitarbeiten der Studierenden gefördert (z.B. durch Gruppenarbeiten, selbstgesteuertes Problem-orientiertes
Lernen) [students are encouraged to participate actively in class (e.g., through group work, as well as self-regulated,
problem-oriented learning)] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

71.4% (10x)

(2)

Standardabw.: 0,45

28.6% (4x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,29
1

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 1,75

0.0% (0x)

sind die räumlichen Bedingungen (Größe und Zustand des Raumes, techn. Ausstattung) sehr gut [the infrastructure
(size and condition of the room, technical equipment) is very good] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

42.9% (6x)

(2)

(4)

Standardabw.: 0,77

35.7% (5x)

(3)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,79
1

21.4% (3x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 2,00

5

Q-75: 2,00

0.0% (0x)

tragen die Studierenden zu einer produktiven Arbeitsatmosphäre bei [the students contribute to a productive working
atmosphere] (13 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,54

53.9% (7x)

(2)

Standardabw.: 0,63

38.5% (5x)
1

7.7% (1x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 2,00

0.0% (0x)

1.4) In dieser Lehrveranstaltung sind die inhaltlichen Anforderungen ... [In this course the requirements in terms of content
are …] (14 x beantwortet)
Zu niedrig [Too low] (1)

0.0% (0x)

Niedrig [Low] (2)

0.0% (0x)

Genau richtig [Suitable] (3)

Mittelwert: 3,00

100.0% (14x)

1

2

Standardabw.: 0,00
3

4

5
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Q-25: 3,00

Median: 3,00

Q-75: 3,00

1.5) In dieser Lehrveranstaltung ist der erforderliche zeitliche Aufwand ... [In this course the amount of time required is …] (13
x beantwortet)
Viel geringer als die angegebenen ECTS [Much
lower than the ECTS credits stated] (1)
Geringer als die angegebenen ECTS [Lower than
the ECTS credits stated] (2)
Entsprechend den angegebenen ECTS
[commensurate with/appropriate to the ECTS
credits stated] (3)
Höher als die angegebenen ECTS [Higher than the
ECTS credits stated] (4)
Viel höher als die angegebenen ECTS [Much higher
than the ECTS credits stated] (5)

Mittelwert: 3,00

0.0% (0x)

Standardabw.: 0,00

0.0% (0x)
100.0% (13x)

1

2

Q-25: 3,00

0.0% (0x)

3

4

Median: 3,00

5

Q-75: 3,00

0.0% (0x)

1.6) Bei den behandelten Themen in dieser LV wird oft ein Bezug hergestellt zu ... [The subjects dealt with in this course are
often discussed in relationship to …]
Praxis-/Anwendungsbeispielen (Praxisrelevanz) [practical examples (relevancy to practice)] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

85.7% (12x)

Standardabw.: 0,35

14.3% (2x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,14
1

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 1,00

0.0% (0x)

anderen Fächern (Inter- und Multidisziplinarität) [other disciplines (interdisciplinarity and multidisciplinarity)] (14 x
beantwortet)
Trifft völlig zu [Strongly agree] (1)

35.7% (5x)

(3)

35.7% (5x)

(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 2,29

21.4% (3x)

(2)

1

7.1% (1x)

2

Q-25: 2,00

Standardabw.: 0,88
3

4

Median: 2,00

5

Q-75: 3,00

0.0% (0x)

Forschung an der BOKU [research at BOKU] (13 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

Standardabw.: 1,21

38.5% (5x)

(3)

7.7% (1x)

(4)

7.7% (1x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 2,08

38.5% (5x)

(2)

1

2

Q-25: 1,00

7.7% (1x)

3

4

Median: 2,00

5

Q-75: 2,00

1.7) Spezifische Fragen zum Lehrveranstaltungstyp VS [Specific questions to the type of course - lecture/seminar]
Ich werde während der LV insgesamt gut betreut und unterstützt [All in all I am well taken care of and well supported in
this course] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

92.9% (13x)

Standardabw.: 0,26

7.1% (1x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,07

0.0% (0x)

1

Q-25: 1,00

2

3

Median: 1,00

4

5

Q-75: 1,00

Die Aufgabenstellung (bei Referaten, Hausarbeiten, Gruppenarbeiten, …) ist klar definiert [The tasks (e.g., presentations,
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seminar papers, home exercises , group work) are clearly defined] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

85.7% (12x)

Mittelwert: 1,36

Standardabw.: 0,89

0.0% (0x)
1

7.1% (1x)
7.1% (1x)

2

Q-25: 1,00

0.0% (0x)

3

4

Median: 1,00

5

Q-75: 1,00

1.8) Die Zahl der TeilnehmerInnen ist der Art und Anforderung der Lehrveranstaltung angemessen [The number of
participants is appropriate to the type and requirements of this course] (14 x beantwortet)
Höhere TeilnehmerInnenzahl möglich [Number of
participants could be higher] (1)
. (2)
Angemessene TeilnehmerInnenzahl [Number of
participants is appropriate] (3)
. (4)
Zu hohe TeilnehmerInnenzahl [Number of
participants is too high] (5)

Mittelwert: 3,21

0.0% (0x)

Standardabw.: 0,56

0.0% (0x)
85.7% (12x)
7.1% (1x)

1

2

Q-25: 3,00

3

4

Median: 3,00

5

Q-75: 3,00

7.1% (1x)

1.9) Die Lehrveranstaltung insgesamt ... [Overall, this course ...]
orientiert sich an vorab formulierten Lernergebnissen ("learning outcomes") [is based on learning outcomes defined in
advance] (14 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

35.7% (5x)

(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,79

Standardabw.: 0,67

50.0% (7x)
1

14.3% (2x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 2,00

5

Q-75: 2,00

0.0% (0x)

fördert mein Wissen in diesem Themengebiet sehr stark [fosters very strongly my content knowledge in this subject] (14
x beantwortet)
Trifft völlig zu [Strongly agree] (1)

(4)

Standardabw.: 0,70

50.0% (7x)

(3)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,93

28.6% (4x)

(2)

1

21.4% (3x)
0.0% (0x)

2

Q-25: 1,25

3

4

Median: 2,00

5

Q-75: 2,00

0.0% (0x)

fördert mein Interesse an diesem Themengebiet sehr stark [fosters very strongly my interest in this subject] (14 x
beantwortet)
Trifft völlig zu [Strongly agree] (1)

50.0% (7x)

(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,57

Standardabw.: 0,62

42.9% (6x)
1

7.1% (1x)
0.0% (0x)

2

Q-25: 1,00

0.0% (0x)

3

4

Median: 1,50

5

Q-75: 2,00

1.10) Die Lehrveranstaltung insgesamt bewerte ich mit ... [Overall, this course should be rated, in my opinion, as ...] (14 x
beantwortet)
Sehr gut [Excellent] (1)
(2)

85.7% (12x)

Mittelwert: 1,14

Standardabw.: 0,35

14.3% (2x)

(3)

0.0% (0x)

(4)

0.0% (0x)

1

2

3

4

5
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0.0% (0x)

Q-25: 1,00

Median: 1,00

Q-75: 1,00

1.11) Was mir an dieser Lehrveranstaltung besonders gut gefällt [What I especially like about the course]:
8 Antwort(en) vorhanden.
Mitunter eine der besten Lehrveranstaltungen die ich bisher besuchen durfte. Zwar ist die Prüfung noch nicht bestanden,
jedoch würde ich mich auch nicht über einen zweiten Besuch ärgern ;). In diesem Sinne wirklich tolle Veranstaltung, so macht
studieren spass und bringt wissen.
Der Vortragende ist äußert motiviert, bemüht, kompetent und freundlich
Die Lehrveranstaltungseinheiten sind geblockt. Prüfung und Präsentation werden gleich am Ende der Lehrveranstaltung
abgehalten.
- Sehr gute Atmosphäre und Umgang mit den Studenten - Sehr gut aufbereitete Präsentationen - Guter Überblick über
internationale Probleme/Lösungen (ist auf der Boku über Europe hinaus nicht immer der Fall)
Gut geblockt. Gute Aufteilung der Beurteilung in Präsentation, Bericht, Prüfung. Sehr angenehmer Vortragender.
Ein motiviert LV-Leiter, der sein wissen gerne weiter gibt und sehr bemüht ist.
- der äußerst nett bzw. wertschätzende Umgang mit den Studierenden. - die positive Grundhaltung von Herrn Mergili. - sehr
anschaulich aufbereitete Präsentationsfolien.
Die Studenten werden, vor allem durch die Diskussion von Fallbeispielen aus der ganzen Welt, zur Mitarbeit motiviert. Auch
mit falschen Antworten wird respektvoll umgegangen, was die Motivation etwas beizutragen sicherlich fördert. Die
unterschiedlichen Fallbeispiele sowohl aus den Alpen, als auch aus anderen Teilen der Erde, sind sehr positiv zu bewerten!

1.12) Wo ich in dieser Lehrveranstaltung Verbesserungspotentiale sehe [What could be improved in the course]:
4 Antwort(en) vorhanden.
Man könnte viel mehr Studierende ganz leicht motivieren hier mitzumachen.
Ich hätte mir gewünscht, wenn es im Bereich des Gleitkreisverfahrens ein wenig mehr in die Tiefe gegangen wäre und wie
man die Strömungskraft des Hangwassers (ungefähr) bestimmen kann.
Bin ein Fan von Skripten. Deshalb wäre ein kleines Skript ganz nett.
Wenn die Präsentationen mit 5min/Gruppe veranschlagt sind, dann sollte diese Zeit auch einigermaßen eingehalten
werden. Sicherlich ist es nicht einfach, die Fülle an Informationen, die die Papers bereitstellen, in so kurzer Zeit zu
präsentieren, dennoch sollte versucht werden, diese vorgegebene Zeit auch einzuhalten bzw. es angesprochen werden,
wenn diese Zeit deutlich überschirtten wird.

1.13) Meine Anmerkungen zu den Fragen/zur Evaluierung [My comments regarding the questions/the evaluation]:
Keine Antworten vorhanden.

2) Fragen zur Studienrichtung
Es wurden keine Antworten zu Studienrichtungen/-zweige gegeben.

3) LV-spezifische Fragen
Es wurden keine LV-spezifischen Fragen gestellt
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Hilfe

872301 13W 2SSt VS Gefahren durch Massenbewegungen - Rutschungen

Ansicht Onlineversion Druckversion
Stellungnahme hinzufügen/bearbeiten

Evaluierungsergebnis

Einsichtstatus: freigegeben von Mergili, Martin; Dr., am 29.10.2013

Schließen

Gruppenfilter Alle Gruppen
Studienfilter Alle Studien
Evaluierungszeitraum: 15.10.2013 - 28.10.2013
Zur Evaluierung berechtigte Studierende: 50; Ausgefüllte Fragebögen: 12; Rücklaufquote in %: 24

1) Universitätseinheitlicher Teil

1.1) Diese LV wird im Rahmen des folgenden Studiums abgelegt .. [I attended this course within the curriculum ...] (12 x
beantwortet)
033 217 Bachelorstudium Lebensmittel- und
Biotechnologie
033 219 Bachelorstudium Landschaftsplanung
und Landschaftsarchitektur
033 225 Bachelorstudium Forstwirtschaft

0.0% (0x)

033 226 Bachelorstudium Holz- und
Naturfasertechnologie
033 227 Bachelorstudium Umwelt- und
Bio-Ressourcenmanagement
033 231 Bachelorstudium Kulturtechnik und
Wasserwirtschaft
033 255 Bachelorstudium
Agrarwissenschaften
033 298 Bachelorstudium Weinbau, Oenologie
und Weinwirtschaft
033 602 Bachelorstudium
Pferdewissenschaften
037 Individuelles Bachelorstudium

0.0% (0x)

066 223/423 Masterstudium Wildtierökologie
und Wildtiermanagement
066 416 Masterstudium Natural Resources
Management and Ecological Engineering
066 417 Masterstudium
Lebensmittelwissenschaft und -technologie
066 418 Masterstudium Biotechnologie

0.0% (0x)

066 419 Masterstudium Landschaftsplanung
und Landschaftsarchitektur
066 422 Masterstudium Phytomedizin

0.0% (0x)

066 425 Masterstudium Forstwissenschaften

0.0% (0x)

066 426 Masterstudium Holztechnologie und
Management
066 427 Masterstudium Umwelt- und
Bioressourcenmanagement
066 429 Masterstudium Mountain Forestry

0.0% (0x)

066 430 Masterstudium Mountain Risk
Engineering
066 431 Masterstudium Kulturtechnik und
Wasserwirtschaft
066 432 Masterstudium Wasserwirtschaft und
Umwelt
066 433 Masterstudium Landmanagement,
Infrastruktur und Bautechnik
066 447 Masterstudium Water
Management/Environmental Engineering
066 448 Masterstudium Applied Limnology

0.0% (0x)

066 449 Masterstudium Environmental
Sciences (ENVEURO)
066 450 Masterstudium EM in Animal Breeding
and Genetics
066 451 Masterstudium Safety in the Food
Chain
066 452 Masterstudium European Forestry

0.0% (0x)

066 454 Masterstudium Horticultural Sciences

0.0% (0x)

066 455 Masterstudium Angewandte
Pflanzenwissenschaften
066 456 Masterstudium
Nutztierwissenschaften
066 457 Masterstudium Agrar- und
Ernährungswirtschaft
066 458 Masterstudium Ökologische
Landwirtschaft

0.0% (0x)

0.0% (0x)
0.0% (0x)

0.0% (0x)
0.0% (0x)
0.0% (0x)
0.0% (0x)
0.0% (0x)
0.0% (0x)

0.0% (0x)
0.0% (0x)
0.0% (0x)

0.0% (0x)

0.0% (0x)
0.0% (0x)

25.0% (3x)
8.3% (1x)
0.0% (0x)
0.0% (0x)
0.0% (0x)

0.0% (0x)
0.0% (0x)
0.0% (0x)

0.0% (0x)
0.0% (0x)
0.0% (0x)
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066 459 Masterstudium Agrarbiologie

0.0% (0x)

066 471 Masterstudium NAWARO

0.0% (0x)

066 477 Masterstudium Alpine
Naturgefahren/Wildbach- und
Lawinenverbauung
067 Individuelles Masterstudium
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66.7% (8x)
0.0% (0x)

088 Doktoratsstudium der Bodenkultur

0.0% (0x)

784 Doktoratsstudium der Sozial- und
Wirtschaftswissen-schaften
786 Doktoratsstudium der
Ingenieurwissenschaften
788 Doktoratsstudium der Bodenkultur

0.0% (0x)

794 755 915/094 915 PhD-Studium
Biomolecular Technology of Proteins
Mitbelegung

0.0% (0x)

Sonstiges

0.0% (0x)

0.0% (0x)
0.0% (0x)

0.0% (0x)

1.2) Wie häufig haben Sie die Lehrveranstaltung bisher besucht? [I attended the course...] (12 x beantwortet)
(fast) immer [(nearly) always]

83.3% (10x)

zu ca. 50% [50% of the time]
eher selten [rarely]

16.7% (2x)
0.0% (0x)

1.3) Der/die LV-LeiterIn [The lecturer] …
verhält sich den Studierenden gegenüber freundlich, respektvoll und kooperativ [is friendly, respectful and
cooperative towards her/his students] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

100.0% (12x)

(2)

0.0% (0x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,00
1

2

Q-25: 1,00

0.0% (0x)

Standardabw.: 0,00
3

4

Median: 1,00

5

Q-75: 1,00

erläutert die Lehrinhalte klar und verständlich [explains the teaching content in a clear und understandable way] (12
x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

91.7% (11x)

Standardabw.: 0,28

8.3% (1x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,08
1

2

Q-25: 1,00

0.0% (0x)

3

4

Median: 1,00

5

Q-75: 1,00

ermuntert die Studierenden zu kritischen Fragen und Anmerkungen [encourages the students to ask questions and
comment in a critical way] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

91.7% (11x)

Standardabw.: 0,28

8.3% (1x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,08

0.0% (0x)

1

Q-25: 1,00

2

3

Median: 1,00

4

5

Q-75: 1,00

1.4) In dieser Lehrveranstaltung [In this course]…
wird vor/zu Beginn ausreichend über die Beurteilungskriterien informiert [there is sufficient information about the
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assessment criteria before/at the beginning] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

75.0% (9x)

Mittelwert: 1,33

Standardabw.: 0,62

16.7% (2x)
1

8.3% (1x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 1,25

0.0% (0x)

gibt es sehr gute Lernunterlagen (Bücher, Skripten, Kopien der Präsentation, Neue Medien, ...) [there are very good
learning materials available (books, course packets, copies of presentations, new media, etc.)] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

41.7% (5x)

(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,75

Standardabw.: 0,72

41.7% (5x)
1

16.7% (2x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 2,00

5

Q-75: 2,00

0.0% (0x)

wird aktives Mitarbeiten der Studierenden gefördert (z.B. durch Gruppenarbeiten, selbstgesteuertes Problemorientiertes Lernen) [students are encouraged to participate actively in class (e.g., through group work, as well as
self-regulated, problem-oriented learning)] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

83.3% (10x)

Standardabw.: 0,37

16.7% (2x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,17
1

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 1,00

0.0% (0x)

sind die räumlichen Bedingungen (Größe und Zustand des Raumes, techn. Ausstattung) sehr gut [the infrastructure
(size and condition of the room, technical equipment) is very good] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

33.3% (4x)

(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,83

Standardabw.: 0,69

50.0% (6x)
1

16.7% (2x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 2,00

5

Q-75: 2,00

0.0% (0x)

tragen die Studierenden zu einer produktiven Arbeitsatmosphäre bei [the students contribute to a productive
working atmosphere] (11 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

63.6% (7x)

(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,45

Standardabw.: 0,66

27.3% (3x)
1

9.1% (1x)
0.0% (0x)

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 2,00

0.0% (0x)

1.5) In dieser Lehrveranstaltung sind die inhaltlichen Anforderungen ... [In this course the requirements in terms of
content are …] (12 x beantwortet)
Zu niedrig [Too low] (1)
Niedrig [Low] (2)
Genau richtig [Suitable] (3)

Mittelwert: 2,75

0.0% (0x)

Standardabw.: 0,43

25.0% (3x)
75.0% (9x)

1

2

3

4

5
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Hoch [High] (4)

0.0% (0x)

Zu hoch [Too high] (5)

0.0% (0x)
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Q-25: 2,75

Median: 3,00

Q-75: 3,00

1.6) In dieser Lehrveranstaltung ist der erforderliche zeitliche Aufwand ... [In this course the amount of time required is
…] (12 x beantwortet)
Viel geringer als die angegebenen ECTS [Much
lower than the ECTS credits stated] (1)
Geringer als die angegebenen ECTS [Lower
than the ECTS credits stated] (2)
Entsprechend den angegebenen ECTS
[commensurate with/appropriate to the ECTS
credits stated] (3)
Höher als die angegebenen ECTS [Higher than
the ECTS credits stated] (4)
Viel höher als die angegebenen ECTS [Much
higher than the ECTS credits stated] (5)

Mittelwert: 2,58

0.0% (0x)

Standardabw.: 0,49

41.7% (5x)
1

58.3% (7x)

2

Q-25: 2,00

0.0% (0x)

3

4

Median: 3,00

5

Q-75: 3,00

0.0% (0x)

1.7) Bei den behandelten Themen in dieser LV wird oft ein Bezug hergestellt zu ... [The subjects dealt with in this course
are often discussed in relationship to …]
Praxis-/Anwendungsbeispielen (Praxisrelevanz) [practical examples (relevancy to practice)] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

91.7% (11x)

Mittelwert: 1,17

Standardabw.: 0,55

0.0% (0x)
1

8.3% (1x)
0.0% (0x)

2

Q-25: 1,00

0.0% (0x)

3

4

Median: 1,00

5

Q-75: 1,00

anderen Fächern (Inter- und Multidisziplinarität) [other disciplines (interdisciplinarity and multidisciplinarity)] (12 x
beantwortet)
Trifft völlig zu [Strongly agree] (1)

(4)

Standardabw.: 0,76

41.7% (5x)

(3)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 2,08

25.0% (3x)

(2)

1

33.3% (4x)
0.0% (0x)

2

Q-25: 1,75

3

4

Median: 2,00

5

Q-75: 3,00

0.0% (0x)

Forschung an der BOKU [research at BOKU] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

(4)

Standardabw.: 1,04

25.0% (3x)

(3)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 2,42

25.0% (3x)

(2)

1

33.3% (4x)
16.7% (2x)

2

Q-25: 1,75

3

4

Median: 2,50

5

Q-75: 3,00

0.0% (0x)

1.8) Spezifische Fragen zum Lehrveranstaltungstyp VS [Specific questions to the type of course - lecture/seminar]
Ich werde während der LV insgesamt gut betreut und unterstützt [All in all I am well taken care of and well supported
in this course] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)
(2)

91.7% (11x)

Standardabw.: 0,28

8.3% (1x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,08

0.0% (0x)

1

Q-25: 1,00

2

3

Median: 1,00

4

5

Q-75: 1,00
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Die Aufgabenstellung (bei Referaten, Hausarbeiten, Gruppenarbeiten, …) ist klar definiert [The tasks (e.g.,
presentations, seminar papers, home exercises , group work) are clearly defined] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

50.0% (6x)

(2)

Standardabw.: 0,50

50.0% (6x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,50
1

2

Q-25: 1,00

0.0% (0x)

3

4

Median: 1,50

5

Q-75: 2,00

1.9) Die Zahl der TeilnehmerInnen ist der Art und Anforderung der Lehrveranstaltung angemessen [The number of
participants is appropriate to the type and requirements of this course] (12 x beantwortet)
Höhere TeilnehmerInnenzahl möglich [Number
of participants could be higher] (1)
. (2)
Angemessene TeilnehmerInnenzahl [Number of
participants is appropriate] (3)
. (4)
Zu hohe TeilnehmerInnenzahl [Number of
participants is too high] (5)

Mittelwert: 2,92

0.0% (0x)

Standardabw.: 0,28

8.3% (1x)
91.7% (11x)
0.0% (0x)

1

2

Q-25: 3,00

3

4

Median: 3,00

5

Q-75: 3,00

0.0% (0x)

1.10) Die Lehrveranstaltung insgesamt ... [Overall, this course ...]
orientiert sich an vorab formulierten Lernergebnissen ("learning outcomes") [is based on learning outcomes
defined in advance] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

50.0% (6x)

(2)

Standardabw.: 0,50

50.0% (6x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,50
1

2

Q-25: 1,00

0.0% (0x)

3

4

Median: 1,50

5

Q-75: 2,00

fördert mein Wissen in diesem Themengebiet sehr stark [fosters very strongly my content knowledge in this
subject] (12 x beantwortet)
Trifft völlig zu [Strongly agree] (1)

58.3% (7x)

(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,58

Standardabw.: 0,76

25.0% (3x)
16.7% (2x)
0.0% (0x)

1

2

Q-25: 1,00

3

4

Median: 1,00

5

Q-75: 2,00

0.0% (0x)

fördert mein Interesse an diesem Themengebiet sehr stark [fosters very strongly my interest in this subject] (12 x
beantwortet)
Trifft völlig zu [Strongly agree] (1)

58.3% (7x)

(2)
(3)
(4)
Trifft gar nicht zu [Strongly disagree] (5)

Mittelwert: 1,58

Standardabw.: 0,86

33.3% (4x)
0.0% (0x)
8.3% (1x)

1

Q-25: 1,00

2

3

Median: 1,00

4

5

Q-75: 2,00

0.0% (0x)
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1.11) Die Lehrveranstaltung insgesamt bewerte ich mit ... [Overall, this course should be rated, in my opinion, as ...] (12 x
beantwortet)
Sehr gut [Excellent] (1)

75.0% (9x)

(2)

Mittelwert: 1,25

Standardabw.: 0,43

25.0% (3x)

(3)

0.0% (0x)

(4)

0.0% (0x)

Nicht genügend [Insufficient] (5)

1

Q-25: 1,00

2

3

4

Median: 1,00

5

Q-75: 1,25

0.0% (0x)

1.12) Was mir an dieser Lehrveranstaltung besonders gut gefällt [What I especially like about the course]:
6 Antwort(en) vorhanden.
Sehr gut vorgetragene und bemüht gestaltete VO. Die Blockgestaltung gefällt mir hier auch sehr gut, zum Ziel kommt.
Es sollte mehr solch gute VOs/VUs geben.
klare Darstellung, viele Beispiele
Der Hauptvortragende bringt durch sein junges Alter etwas Schwung in den Unialltag und scheint genau zu wissen
was er in der Vo ansprechen und vermitteln will.
sehr kooperativer Umgang mit Studenten zeitnahe rüfung
martin ist sehr engagiert und freundlich. einer der besten vortragenden die ich bisher hatte.
Die praktischen Elemente und die unzähligen Beispiele

1.13) Wo ich in dieser Lehrveranstaltung Verbesserungspotentiale sehe [What could be improved in the course]:
4 Antwort(en) vorhanden.
Aus einem ausformulierten Skript lernt es sich leichter als aus Folien und die Druckkosten sind auch geringer. Da die
Berechnungen weiter nicht im Pflichtprogramm des Studiums AlpNat sind und die entsprechenden Veranstaltungen nicht
der Wahlpflichtveranstaltungen, wäre evtl. die Erweiterung der Vorlesung auf 3 SWS und ein Überblick über die
gängigen Berechnungsmethoden samt Beispielen und über die gängigen Programme samt deren Stärken und
Schwächen sinnvoll. Übrigens ist in den Folien ein Fehler: der Reibungswinkel ist auch bei Festgestein in der Regel
zwischen 20° und 45°, sofern man Festgestein mit dem Mohr-Coulomb-Kriterium beschreiben will, was immer nur eine
Näherung darstellen kann, manchmal aber nötig ist, weil die Programme nur mit diesem arbeiten können. Die Festigkeit
des Festgesteins wird durch die Kohäsion bestimmt. (Veranschaulicht im Programm RocLab von RocScience. kann
man nach Registrierung umsonst runterladen und ist auch sonst ganz nützlich, insbesondere als Datenlieferant wo keine
Laborversuche vorliegen).
Vortrag zu knapp nach Prüfung theoretische erläuterungen von modellen bringen mir persöhnlich nur bedingt etwas
vielleicht eher auf 3 wochen aufteilen. die 2 wochen waren doch ein wenig eng und viel auf einmal.
-

1.14) Meine Anmerkungen zu den Fragen/zur Evaluierung [My comments regarding the questions/the evaluation]:
1 Antwort(en) vorhanden.
-

2) Fragen zur Studienrichtung
Es wurden keine Antworten zu Studienrichtungen/-zweige gegeben.

3) LV-spezifische Fragen
Es wurden keine LV-spezifischen Fragen gestellt
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Corrigendum
I would like to correct the information given in Chapter 3.4
(p.40) on the distribution of the plant family of the Proteaceae:
The Proteaceae are indeed centred in South Africa and Australia. However, further species do not only occur in Africa and
Patagonia, but also in other parts of South and Central America,
India, East and Southeast Asia and Oceania, including New Zealand. The distribution of the Proteaceae is clearly associated
with Gondwanic blocks or fragments (Weston, 2007).
Weston, P.H., 2007. Proteaceae. In: Kubitzki, K., ed. The Families
and Genera of Vascular Plants 9: Flowering Plants – Eudicots,
364–404.

