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Chapter 1 
 
MODELLING OF DEBRIS FLOW 

AND SHALLOW LANDSLIDES 

 
 

 1.1  Review on current approaches to triggering 

 
Introduction 

 
Shallow landslides are important mass-movement processes that may transform into 
debris flows. Hence, a detailed treatise on modeling the occurrence and dynamics of 
debris flows requires a focus on shallow landslide occurrence in  the first place. 
Triggering of shallow landslides phenomena depend in a complex manner upon initial 
and boundary conditions and are affected by the heterogeneity of the hydraulic and 
geotechnical properties of the soil, topography, geological properties, soil moisture, 
and surface-subsurface interactions. Until now, landslide forecasting has been tackled 
according to three main approaches: (1) geomorphologic, (2) hydrological, and (3) 
geotechnical (see Casadei [2003] and references therein). 
 
The geomorphologic analysis emphasizes spatial correlations between the location of 
landslides and topography, geology, soil properties and land use characteristics. This 
analysis is largely inferential and statistical. Applications for landslide hazard 
assessment typically consist of empirical correlations between landslide occurrence and 
rainfall that define a threshold condition above which shallow landslides can be 
expected. In order to identify triggering conditions within a storm or within a storm 
season, two thresholds are typically defined [e.g. Godt et al., 2005]: (1) an antecedent 
rainfall threshold, requiring an accumulation of a certain amount of rainfall during the 
season, and (2) a storm intensity-duration threshold, requiring a critical combination of 
rainfall intensity and duration be exceeded during the course of the storm. 
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For a long time hydrological modelling has dealt with the identification of triggering 
conditions related to intensity-duration thresholds within a storm or a storm season 
[Caine 1980, Campbell 1975, Wieczorek 1987, Larsen 1993]. This procedure relies on 
plotting storm intensity versus cumulative rainfall for observed events. A simple, 
regional-specific curve identifying precipitation intensities which cause debris flow 
initiation is then constructed. 
 
The geotechnical approach views landslide phenomena as dependent on space, time 
and stresses within the soil. Their analysis can be conducted at varying levels of detail. 
Physically-based models that analyse the spatial pattern of regional landslide 
susceptibility such as SHALlow STABility analysis (SHALSTAB) [Montgomery & 
Dietrich 1994], and Stability INdex MAPping (SINMAP) [Pack et al., 1998] couple a 
simple steady-state hydrology with an infinite-slope analysis for the computation of the 
safety factor or stability index, defined as the ratio of the stabilizing to the destabilizing 
forces. Neither approach is appropriate to assess the time-dependent nature of landslide 
occurrence. Understanding of this time dependence is critical for assessing the 
likelihood of slope failure in response to actual rainfall conditions and is required for 
meaningful prediction or forecasting. 
 
Mass wasting is the major landform shaping process in mountainous and steep terrain. 
Many landslides result from infrequent meteorological or seismic events that induce 
unstable conditions on otherwise stable slopes or accelerate movements on unstable 
slopes. Thus, the delicate equilibrium between the resistance of the soil to failure and 
the gravitational forces tending to move the soil downslope can be easily upset by 
external factors, such as rainstorms, snowmelt, and vegetation management. The major 
triggering mechanism for slope failures is the build-up of soil pore water pressure. This 
can occur at the contact between the soil mantle and the bedrock [Pierson, 1977; Sidle 
and Swanston, 1982; Megahan, 1983] or at the discontinuity surface determined by the 
wetting front during heavy rainfall events. The control factors of landslide 
susceptibility in a given area may be subdivided into two categories: quasi-static and 
dynamic. The quasi-static variables deal with geology, geotechnical properties, slope 
gradient, aspect and long term drainage patterns. The dynamic variables deal with 
hydrological processes and human activities, which trigger mass movement in an area 
of given susceptibility. 
 
Landslides hazard assessment is based on a variety of approaches and models. Most 
rely on either multivariate correlation between mapped (or observed) landslides and 
landscape attributes [e.g., Carrara et al., 1991, 1995; Carrara, 1983; Chung et al., 
1995], or general associations of landslides hazard from rankings based on slope 
lithology, land form or geological structure [e.g. Campbell, 1975; Hollingsworth and 
Kovacs, 1981; Lanyon and Hall, 1983; De Graff and Canuti, 1988; Seely and West, 
1990; Montgomery et al., 1991; Neiman and Howes, 1991; Derbishire et al., 1995]. 
Antecedent precipitation amounts [e.g. Campbell, 1975; Wieczoreck, 1987; Canuti et 
al., 1985] and daily rainfall rate [e.g. Crozier, 1999; Glade et al., 2000] were further 
introduced as triggering factors of shallow landsliding. The statistical approach can 
provide an insight of multi-faceted processes involved in shallow landsliding 
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occurrence, and useful assessments of susceptibility to shallow landslide hazard in 
large areas. But the results are very sensitive to the dataset used in the analysis, and it is 
not straightforward to derive the hazard (i.e. probability of occurrence) from 
susceptibility. Other studies [e.g. Caine, 1980; Cancelli and Nova, 1985; Cannon and 
Ellen, 1985; Keefer et al., 1987; Wieczoreck, 1987; Wieczoreck et al., 2000] analysed 
the intensity and duration of rainfalls triggering landslides. They built the critical 
rainfall threshold curves, defined as envelope curves of all rainfall triggering landslides 
events for a certain geographic area. 
 

Physical modelling Due to the lack of a process-based analysis, this method is unable to assess the stability 
of a particular slope with respect to certain storm characteristics and it does not predict 
the return period of the landslide-triggering precipitation [D’Odorico et al., 2005]. 
Hence, another approach deals with spatially distributed and physically based models 
coupling slope stability equation with a hillslope hydrological model. This can provide 
an insight of triggering processes of shallow landslides at the basin scale, also 
accounting for the spatial variability of the involved parameters. Some of these models 
consider the build-up of soil pore water pressure deriving uniquely from the increase of 
a saturated layer above a predefined critical slip surface approaching subsurface flow 
in different way, i.e. steady state or dynamic [e.g. Okimura and Ichikawa, 1985; 
Montgomery and Dietrich, 1994; Dietrich et al., 1995; Pack et al., 1998, Wu and Sidle, 
1995; Casadei et al.; 2003, Iida 2004]. Montgomery and Dietrich, [1994]; Dietrich et 
al., [1992,1993,1995,2001]; Pack et al., [1998] treat the subsurface flow as steady state 
analyzing the topographic control on the pore pressure. Using the pore pressure in the 
slope stability equation permits to estimate slope stability and produce maps of relative 
potential of shallow landslides [Montgomery et al., 2000; Dietrich et al., 2001]. 
  
Montgomery and Dietrich [1994] developed a simple model for the topographic 
influence on shallow landslides initiation by coupling digital terrain data with near-
surface through flow and slope stability models. The hydrological model is based on 
the flow tube approach [see e.g. O’Loughlin, 1986; Dawes and Short, 1994; Moore, 
1988; Moore and Grayson, 1991]. It predicts the degree of soil saturation in response to 
steady state rainfall for topographic elements defined by the intersection of contours 
and flow boundaries. The slope stability component uses this relative soil saturation to 
analyse the stability of each topographic element for the case of cohesionless soils and 
of spatially constant thickness and saturated conductivity. Further developments of this 
model include SHALSTAB, a freeware software application to evaluate slope 
instability associated with the potential occurrence of shallow landsliding [Dietrich and 
Montgomery, 1998]. Several applications show this approach to be capable of 
capturing the spatial variability of shallow landslides hazard, because of the essential 
role of topographic control in shallow landsliding. This approach permits uncalibrated 
predictions and has proven reasonably successful, though there is a tendency for over 
prediction to occur, depending on the quality of topographic data [Dietrich et al., 
2001]. 
 
The approach by Montgomery and Dietrich [1994] does not account for transient 
movement of soil water. It only accounts for density and friction angle of the soil in 
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analysing slope stability, neglecting other soil characteristics and the moisture content 
in the soil layer above the groundwater table. This simplification can affect model 
capability of predicting shallow landslide potential because the steady-flow condition 
can be unrealistic in the course of rainstorm.  
 

 The Rosso et al. [2006] approach starts from Montgomery and Dietrich [1994] 
indicating that simple models coupling soil mechanics with hydrology can provide an 
insight of shallow landslide initiation useful for mapping the potential hazard of 
landslide occurrence. Accordingly, the topographic description of hillslope elements is 
based on the flow tube approach. The hillslope stability model accounts for the key 
characteristics of the soil mantle, i.e. angle of shearing resistance, void ratio and 
specific gravity of solids. Hillslope hydrology is modelled by coupling the 
conservation of mass of soil water with the Darcy’s law used to describe seepage flow . 
This yields a simple model capable of accounting for the combined effect of storm 
duration and intensity in the triggering mechanism of shallow landslides. Finally, 
coupling of the model for the hydrologic control on shallow landsliding with the simple 
scaling model for the frequency of storm precipitation [Burlando and Rosso, 1996] can 
help understanding the climate control on landscape evolution associated with the 
occurrence of shallow landslides. 
 

Unsteady physical 
models 

Unsteady flow was approached by Okimura and Ichikawa [1985] modelling shallow 
subsurface flow with finite difference model, Wu and Sidle [1995] introducing a 
contour based distributed physically based model that couples the infinite slope 
approach to slope stability with a groundwater kinematic wave model, also accounting 
for changing vegetation root strength in time. Casadei et al. [2003] linked a dynamic 
spatially distributed shallow subsurface runoff model accounting for evapotranspiration 
and unsaturated zone storage to an infinite slope model. Iida [2004] presented a hydro-
geomorphological model considering both the stochastic character of rainfall intensity 
and duration and the deterministic aspects controlling slope stability. The unsteady 
subsurface flow producing saturated soil depth was investigated using a simplified 
conceptual model. These models provide an insight of the triggering mechanisms of 
shallow landslides, but they include a complex parameterization of hillslope properties 
and drainage patterns, so requiring detailed field data analysis. 
 

 The build-up of pore water pressure as generated by the advance of the wetting front 
was investigated by Pradel and Raad [1993] using the Green–Ampt infiltration model 
to analyse the critical wetting front position triggering failure. Rulli et al. [1999] 
developed a distributed model coupling the Green and Ampt infiltration model, 
kinematic subsurface flow and infinite slope stability model in order to investigate 
shallow landslides in areas where Hortonian runoff generation is predominant. Iverson 
[2000] provided an insight of physical mechanism underlying landslide triggering by 
rain infiltration by solving the Richard’s equation. The model links slope failure and 
landslide movement to groundwater pressure heads that change in response to rainfall. 
These models provide an insight of the triggering mechanisms of shallow landslides, 
but they do not emphasize the link between rainfall duration and intensity and shallow 
landslide triggering. 
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Reid [1994] considered both rainfall intensity and rainfall duration in the stability 
analysis. D’Odorico et al. [2005] enhanced the Reid’s approach by coupling the short 
term infiltration model by Iverson [2000] and the long term steady state topography 
driven subsurface flow [Montgomery and Dietrich, 1994] and analysed the return 
period of landslide triggering precipitation using hyetograph at different shapes. They 
assumed that the pore pressure transient observable in the course of a rainfall is due to 
the unsteady vertical flow through the soil profile, while slope-parallel subsurface flow 
is assumed to at a longer time scale and to determine the pre storm wetness conditions. 
 

Surface runoff 
modelling 

The main limit of these models is that they have been primarily developed for floods 
prediction and so in any case they were not automatically tuned for landslide 
triggering. The primary problem to be solved in fact is the determination of the spatial 
distribution of runoff. In order to find the net precipitation effects, there are commonly 
two main approaches: Horton type [1945] based on the infiltration excess, Dunne type 
[1978] based on the saturation excess. Hypothetically we can assume that a slope, 
during an intense rainfall event, is subject to both the types of runoff, yet it can be 
noticed that, being the hydraulic conductivity much higher then rainfall intensity, the 
runoff is practically always of the Dunne type. Given these assumptions, the use of a 
GIUH method presents obvious advantages, like the possibility to determine, for every 
point in the basin, the peak of the discharge and its time of occurrence, together with 
the duration and return period of the precipitation involved [Rigon et al, 2004]. 
Therefore, it is possible to determine the critical conditions and times of the triggering 
[Rigon et al, 2004]. 
 
This is not a distributed approach in the usual meaning of the word, as the R-R model 
is always bound to the prediction of the discharge in a point. Yet, its semi-analytical 
formulation of the discharge enables a quick application of the model on all the points 
of the basin, and thus their relative stability assessment. The uncertainty about the 
location of the rills in the unchanneled slopes and the insufficient characterization of 
the friction (and consequently of the velocity), is partially overcome by the observation 
that landslides on average occur on the concave parts of the basins, where we have the 
natural convergence of the flows. For this reason it is necessary that the curvatures of 
the topography be accurately described, though the current resolution of DEM (digital 
elevation model) does not seem to be sufficient. 
 

TOPMODEL TOPMODEL [Beven and Kirkby, 1979; Beven et al., 1995] has been developed with 
the aim of providing a simple but physically reasonable, distributed description of the 
processes involved in rainfall-runoff production requiring a minimum of parameters. 
The main features of TOPMODEL are the integration of Richards equation on a finite 
portion of the slope, and the modelling of the hydraulic conductivity as a decreasing 
function of soil depth. It considers a steady condition, i.e. calculates in every element 
the balance between the sub-superficial flow in input and the output, without any water 
storage. According to this scheme, the formation of the superficial water table occurs 
through the combining effects of the lateral flow from upstream and infiltration. These 
simple assumptions allow to calculate the different saturation degree of each area, on 
the basis of the topographic characteristics: the steepest area tend to drain more rapidly, 
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according to the piezometric gradient, whereas the most convergent area tend to 
accumulate water in excess, determining the rising of the water table as a function of 
the corresponding drainage area. These effect are combined in a single parameter 

called topographic (wetness) index, defined as ln a
tgβ

, where, a is the upslope 

draining area per unit contour length, and tanβ  is the slope gradient. Regions of the 

landscape that drain large upstream areas or that are very flat give rise to high values of 
the index; thus areas with the highest values are most likely to become saturated during 
a rain or snowmelt event and thus are most likely to be areas that contribute surface 
runoff to the stream. The approach used in TOPMODEL, assuming a steady hydrology, 
is targeted at representing the runoff under humid conditions and slow/constant 
precipitations and thus is not really capable at representing rapid and intense events. 
 

IUH - GIUH models The unit hydrograph of the basin is the surface runoff hydrograph caused by a unit 
excess rainfall distributed uniformly over the area. It represents also the distribution of 
the residence times of the water volumes inside the basin [Gupta and Waymire, 1980], 
[Rodriguez-Iturbe and Valdes, 1979]. This latter interpretation has permitted the 
construction of the IUH on the basis of the morphology/topology of the basins and of 
the hydrograph networks [Rodriguez-Iturbe, 1996], [Rodriguez-Iturbe and Rinaldo, 
1997], [D’Odorico and Rigon, 2003], giving origin to the geomorphologic 
instantaneous unit hydrograph (GIUH). 
 

 1.2 Methods of analysis 

 
 

 
According to Sidle and Ochiai [2006], methods of assessing landslide hazards can be 
roughly divided into four categories: 

1. Terrain stability mapping [e.g. Ives and Messerli 1981, Kienholz et al 1984, 
Howes and Kenk 1988] 

2. Simple rainfall-landslide relationship [e.g. Caine 1980, Keefer et al. 1987, 
Larsen and Simon 1993] 

3. Multi factor, empirical landslide hazard assessments [e.g. Aniya 1985, Gupta 
and Joshi 1990, Pachauri and Pant 1992] 

4. Distributed, physically based models [e.g. Montgomery and Dietrhich 1994, 
Miller 1995, Wu and Sidle 1995] 

Some of these methods are more amenable to assessing relative landslide hazard at 
regional scales, others can be used as predictive tools for more specific sites, and yet 
others can be used to develop real-time warning system. With each increment of 
specificity, the intensity of required data increases. 
 

Terrain hazard 
mapping 

Terrain hazard mapping represents a somewhat general and qualitative level of 
landslide hazard assessment; topographic, geomorphic and geologic information are 
used, as well as data on pre-existing landslide to generate maps with broad categories 
of landslide hazards [e.g. Dobrovolny 1971, Kienholz et al 1984, Howes and Kenk 
1988, van Den Eeckhaut et al. 2005]. Typically, such hazard mapping is developed or 
at least implemented by management agencies or regional governing bodies to evaluate 
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the effect of various land uses on the occurrence of landslides. Thus, the main focus 
may be not be to predict landslide occurrence, but rather to reduce the risk of landslide 
hazard related to a particular land use. If the assessment includes quantitative factors 
related to vulnerability of the element at risk, then it can be considered a landslide risk 
assessment [e.g Alexander 1992, Fell 1994, Parise 2001]. Other types of hazard maps 
may identify specific landscape or geologic features (e.g. geomorphic hollows, areas of 
wind throw, sensitive clays, and vulnerable bedrock sequences) that are susceptible to 
slope failure. For some regional examples of this method (Western Oregon, British 
Columbia, Raukumara Peninsula) of terrain stability mapping see Sidle and Hirotaka 
[2006]. 
 
Recent advances in remote sensing techniques (see paragraph 1.6) and the development 
and application of contour based digital elevation models (DEMs) can improve terrain 
hazard mapping, especially when processed within geographic information system 
(GIS) [Sakellariou and Ferentinou 2001, Lee et al. 2002, Dhakal et al. 2002, Mizukoshi 
and Aniya 2002]. In particular, satellite imagery and light detection and ranging are 
useful for assessing landslide locations as well as developing detailed DEMs and 
hillshade [e.g. Lee et al. 2002, Wills and McCrink 2002, van Den Eeckhaut et al. 
2005]. High resolution DEMs produced from airborne laser altimetry can be used to 
assess surface characteristics of active and dormant landslides as well as delineating 
detailed topographic information useful in predicting areas of future landslides 
[Dietrich et al. 2001, Haugerund et al. 2003, McKean and Roering 2004] However, 
identification of landslide locations is subject to interpretation, and considerable 
differences are apparent when comparing results from hillshade map interpretation 
with those based on field surveys [Wills and McCrink 2002, van Den Eeckhaut et al. 
2005]. 
 

Simple rainfall-
landslide relationship 

Landslide hazard assessment based on simple relationship with rainfall characteristics 
has been applied at both the global [Caine 1980] and regional [Cannon and Ellen 1985, 
Canuti et al. 1985, Larsen and Simon 1993] scales. When coupled with real-time 
rainfall data, such analyses can provide the basis for early warning system for shallow 
landslide [Keefer et al 1987, Iiritano et al 1998]. 
 

Multi factor empirical 
landslide hazard 
assessment 

In empirical landslide analysis, the factors contributing to landslide initiation are 
typically established based on characteristic of existing landslides. The end product is 
focused on producing maps, or at least useable decision tools. Most approaches assume 
that landslides are more likely to occur under conditions similar to those of previous 
failure [Brabb 1984, Varnes 1984]. 
 
Multi-factor methodologies typically estimate landslide hazard using the relationships 
between past landslide patterns with various site characteristics. In such cases, the 
weighting of site attributes affecting slope stability is important. Factors typically 
considered include topography, geology, vegetation cover or land use, hydrology and 
soil properties. Trigger mechanisms are usually not included because such hazard 
assessment focuses on condition predisposing hillslope to failure. 
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Statistical approaches to landslide analysis involve developing relationships among 
factors affecting landslides based on a priori statistical analyses; these relationships are 
then applied to sites with similar characteristics [Soeters and van Westen 1996]. In 
bivariate statistical analysis, each factor is evaluated separately in conjunction with 
landslide density (or volume). This bivariate approach has been widely used to identify 
factors that are significantly related to landslide occurrence and, if significant, relative 
weightings are assigned [e.g. Gupta and Joshi 1990, Mehrotra et al. 1996, Ayalew and 
Yamagishi 2005]. Multivariate approaches to empirical landslide hazard analysis 
consider the interrelationship amongst factors in terms of selection and weighting. 
After sampling all relevant factors at appropriate scales, the presence or absence of 
landslides is determined. 
 
Multiple regression or discriminate analysis is then typically used to analyse the 
resulting matrix [Mulder and van Asch 1988, Carrara et al. 1988, Rollerson et al. 1997, 
Dhakal et al. 2000]. For some example applications of this method see Sidle and 
Hirotaka [2006]. To significantly improve multi-factor landslide hazard assessment, 
three major issues need to be overcome: 

1. Methods that can be applied to broader geographical area or in areas that 
experience multiple failure types need to be developed 

2. A clear focus needs to be placed on the underlying processes that relate to 
slope failure 

3. Temporal as well as spatial attributes of landslide susceptibility need to be 
incorporated in the analysis. 
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Distributed physically 
based model 

As a theoretical advance from empirical landslide models based solely on rainfall 
characteristic, numerous infiltration-based landslide models have been developed for 
individual sites in both two and three dimensions [e.g. Anderson et al. 1988, Sammori 
and Tsuboyama 1990, Haneberg 1991]. Such models offer the advantage of a physics-
based approach to assessing the dynamic changes in positive and negative (suction) 
pressure heads in the soil mantle during the infiltration process and thus are valuable to 
predict the timing of slope failure relative to rainfall inputs at individual sites with 
simple slope configurations. However these models present many problems in 
application to real situation connected with complex topography of each site. 
 
Physically based landslide models [e.g. Skempton and Delory 1957, Okimura 1982, 
Sidle 1992] assess stability in terms of FS (stability factor): for FS>>1 the slope is 
stable. If single parameter input values are used to calculate FS, this method is most 
suitable for smaller areas because in larger areas the variations in terrain and soil 
parameters inherent in the analysis are typically too large [Lumb 1975, Burton et al. 
1998, Haneberg 2004]. 
 
Distributed physically based landslide models hawe two uniquo requirements: 

1. spatially and, in some cases, temporally distributing model parameters are 
necessary 

2. the model output must be spatially and temporally explicit because of the need 
to know the locations and timing of landslides. 

For some examples of this type of model see, for instance, Sidle and Hirotaka [2006]. 

 1.3   Example of models 

  
There are many numerical models dealing with stability analysis and landslide 
triggering. Some of them are codes still oriented to research, others are already 
available on the commercial market. In this session we will review some of the current 
codes available. 
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SHALSTAB SHALSTAB is a digital terrain model for mapping shallow landslide potential. It is 
based on a simplification of the infinite slope analysis coupled to the hydrologic model 
TOPMODEL. The model assumes that the resistance to movement along the sides and 
ends of the landslide is not significant and that the cohesion is zero. Furthermore, the 
model does not consider the effects of root strength on slope stability on the 
assumption that the model is capturing the condition of low root strength that would 
occur after cutting, disease, or a fire. To model the hydrologic controls, the steady state 
shallow subsurface flow is calculated based on the work of O'Loughlin [1986]. The 
coupled hydrologic-slope stability equation is solved by the program. The model has 
three topographic terms that are defined by the numerical surface used in the digital 
terrain model: drainage area, outflow boundary length and hillslope angle. There are 
potentially four parameters that need to be assigned to apply this model: the soil bulk 
density, the angle of internal friction, the soil transmissivity, and the effective 
precipitation. The proneness to instability is defined by the value assumed by the ratio 
q/T, being q the discharge in input to the water table and T the transmissivity. The 
critical q/T value is given by a regional back-analysis on the local long period landslide 
inventory. 
 
The program can be used as a parameter-free model, in which the only decision is how 
to rank the mapped pattern of relative stability into such categories as "high", 
"medium" and "low", for the practical purpose of prescribing some land management 
practice. This utility is accomplished by eliminating many processes or factors that do 
matter to slope instability but require too much local parameterization to be useful in a 
practical context for application over large areas 
[ http://www.ggsd.com/ggsd/index.cfm]. 
 

SINMAP SINMAP model is one of digital models that describe terrain stability implemented in a 
GIS environment. Its application is limited to shallow transitional debris slides. The 
theoretical basis of the model is the relation between infinite slope stability and a 
steady-state hydrological model, represented by a parameter of topographical moisture 
index. The model requires three groups of input data:  

1. terrain topography in a DEM grid format;  
2. soil mechanical and hydraulic properties in a grid or polygon vector format;  
3. landslide source areas inventory in a point vector format.  
 

Topographic data in DEM format are pre-processed by a built-in pit-filling module. 
Then the required topographic parameters, such as slope and specific catchment area, 
are calculated. The model requires the following soil properties data:  

• range of cohesion values;  
• soil density value;  
• range of internal friction angle values;  
• range of R/T ratio. 
 

For calibration purposes the landslides inventory map is needed, obtained from aerial 
or satellite orthophoto. The modelling results are presented in a form of maps, where 
the stability probability is expressed as stability index (SI): 
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SI = prob(SF >1) where SF is the safety factor. 

If SF >1 then SI = SF . 
The topographic wetness index is divided into five classes and the graph of landslide 
occurrence in fields of slope and specific catchment’s area. 
By adopting suitable ranges for variables it is possible to calibrate and group the 
majority of observed landslides into the smallest SI classes (Table 1). 
 

Table 1. The definition of 
slope stability index SI 
classes. 

 

SI value Predicted state Possible influence of factors 
not included in the model 

SI>1.5 Stable slope zone Significant destabilizing factors 
are required for instability 

1.5>SI>1.25 Moderately stable 
zone 

Moderate destabilizing factors 
are required for instability 

1.25>SI>1.0 Quasi-stable slope 
zone 

Minor destabilizing could lead to 
instability 

1.0>SI>0.5 Lower threshold 
slope zone 

Destabilizing factors are not 
required for instability 

0.5>SI>0.0 Upper threshold slope 
zone 

Stabilizing factors may be 
responsible for stability 

0.0>SI Defended slope zone Stabilizing factors are required 
for stability  

 This model has some limitations: 
1. The model is designed to simulate only shallow transitional landslides 

initiation zones controlled by shallow subsurface flow;  
2. It is not applicable to deep-seated instability zones;  
3. It simulates landslides potential initiation zones, not hazard areas;  
4. Spatial accuracy is strongly dependent on DEM resolution.  

[http://www.ejpau.media.pl/volume6/issue1/environment/art-03.html] 

dSLAM The dSLAM model [Wu and Sidle, 1995] currently is not available for public use and, 
hence, could not be fully evaluated. It couples DEM data with a planar infinite-slope 
stability model, a hydrologic algorithm that simulates groundwater movement as 
cinematic waves through topographic elements similar to those constructed in the 
SHALSTAB model, and an algorithm that explicitly characterizes root strength. 
Whereas contributing rainfall is treated as steady-state in the SHALSTAB model, this 
model can accommodate spatially constant but temporally varying rainfall input (i.e., 
single or multiple storm events). Hence, the model must calculate a factor of safety in 
time steps to simulate the measured rainfall patterns. The model requires as input site-
specific data on soil properties, vegetation type and age, and individual storm 
hyetographs (e.g., actual or simulated). Consequently, this model is computationally 
more complex and labour-intensive than the SHALSTAB model. Outputs of this model 
are shown as landslide and debris-flow path location maps, factor-of-safety 
distributions, and distributions of failure (i.e., hazard) potential. Management criteria 
(i.e., low, moderate, high “hazard”) must be assigned by the user based on local 
knowledge. The dSLAM model has been evaluated by the authors on its ability to 
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reproduce physical characteristics of measured landslides in a small, tributary drainage 
in the Oregon Coast Range. 
[ http://www.krisweb.com/biblio/gen_tfw_shawetal_1999_pr1099001.pdf] 

 1.4   Slope stability analysis (contribution of POLIMI) 

  
The present model improves the pioneering approach by Montgomery and Dietrich 
[1994] indicating that simple models coupling soil mechanics with hydrology can 
provide an insight of shallow landslide initiation useful for mapping the potential 
hazard of landslide occurrence. The topographic description of hillslope elements is 
based on the flow tube approach. The hillslope stability model accounts for the key 
characteristics of the soil mantle, i.e. angle of shearing resistance, void ratio and 
specific gravity of solids.  
 
Hillslope hydrology is modelled by coupling the conservation of mass of soil water 
with the Darcy’s law used to describe seepage flow. This yields a simple model 
capable of accounting for the combined effect of storm duration and intensity in the 
triggering mechanism of shallow landslides. Finally, coupling of the model for the 
hydrologic control on shallow landsliding with the simple scaling model for the 
frequency of storm precipitation [Burlando and Rosso, 1996] can help understanding 
the climate control on landscape evolution associated with the occurrence of shallow 
landslides. 
 

Slope stability analysis In mountainous and hilly areas, the surface of the slope is quite often underlain by a 
plane of weakness lying parallel to it. This potential failure surface generally lies at a 
depth z below the surface, and this depth is small if compared with the length of the 
slope. Because the thickness of the soil mantle is much smaller then the length of the 
slope, one can generally assume that edging effects are negligible, so one can 
determine the safety factor of the slope against slip, FS, from the analysis of a wedge 
or slice of material of unit width and unit thickness [Skempton and De Lory, 1957]. 
 
Let θ denote the slope angle to the horizontal, and z the depth of the potential failure 
plane (Figure 1). The water table is taken to be parallel to the slope at a height h = ω z 
above the failure plane, with 0 ≤ ω ≤ 1. Steady seepage is assumed to occur in the 
direction parallel to the slope. The side forces for any vertical slice are equal and 
opposite, and the stress conditions are the same at any point on the failure surface. One 
also assumes that the rigid perfectly plastic rheologic model holds for the soil, that is, 
there is null strain until failure and shear strength is constant after the failure 
independently on strain. 
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Figure 1: One dimensional 
sketch for slope equilibrium. 

 

 
 The shear strength of the soil along the potential failure plane is 

 

( ) 'tan' φστ ⋅−+= ucf  (1) 
 
with c’ denoting soil cohesion, σ the normal total stress, u the pore water pressure, and 
φ’ the angle of shearing resistance of the soil mantle. If τf is the shear stress, the safety 
factor is  

τ
τ fFS =

. (2) 
 
If one denotes with γ the average bulk unit weight of soil above the ground water level, 
and with γsat the saturated unit weight of soil under the ground water level, the 
expressions for σ, τ and u are 
 

( )[ ] θγωγωσ 2cos1 ⋅⋅⋅+⋅−= zsat , (3a) 

( )[ ] θθγωγωτ cossin1 ⋅⋅⋅⋅+⋅−= zsat , (3b) 

θγω 2cos⋅⋅⋅= wzu  (3c) 
 
Substituting Eqs. (3) for σ, τ and u in Eqs. (1) and (2) yields the general expression for 
the safety factor in the form 
 

( )[ ]
( )[ ] ϑθγωγω

φθγωγω
cossin1

'tancos'1' 2

⋅⋅⋅⋅+⋅−
⋅⋅⋅⋅+⋅−+

=
z
zcFS

sat . (4) 
 
where γ'= γ satγw  is the submerged unit weight of soil. 
 
For cohesionless soils and normally consolidated clays cohesion is negligible, so that 
one can use c’ = 0 in practice. If c’ = 0 in Eq. (4) the safety factor is independent of 
thickness of soil mantle z, that is 
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[ ]
[ ] θ

φ
γωγω
γωγω

tan
'tan

)1(
')1(

⋅
⋅+⋅−
⋅+⋅−

=
sat

FS
. (5) 

 
Let denote with Gs = γs / γw the specific gravity of solids, Sr = Vw / Vv the average degree 
of saturation and e = Vv /Vs the average void ratio above the ground water table (being 
Vv, Vs, and Vw the volume of voids, that of solids and that of water in the control 
volume, respectively). Thus, 
 

e
SeG rs

w +
⋅+

=
1γ

γ

, (6a) 

e
eGs

w

sat
+
+

=
1γ

γ

, (6b) 

e
Gs

w +
−

=
1

1'
γ
γ

. (6c) 
 
These are substituted for γ, γsat and γ’ in Eq. (5) to obtain 

( )[ ]
( )[ ] θ

φ
ω
ω

tan
'tan

1
1

⋅
−⋅⋅+⋅+
⋅+⋅−⋅+

=
rrs

rrs
SeSeG
SeSeGFS

 (7) 
 
The following special cases are of interest. If ω = 0, i.e. the groundwater level lies at 
the potential failure surface, 
 

θ
φ

tan
'tan

=FS
. (8) 

 
If ω = 1, i.e. the water table lies at the surface of the slope, 
 

( )
( ) θ

φ
γ
γ

θ
φ

tan
'tan'

tan
'tan1

⋅=⋅
+
−

=
sats

s
eG

GFS
. (9) 

 
One notes that the value of FS descending from Eq. (9) is about one half of that 
computed from Eq. (8) because γ’ ≅ γsat/2 in practice. If 0 ≤ ω ≤ 1, i.e. the water table 
lies between the potential failure surface and the slope surface, the limit equilibrium 
condition (FS = 1) occurs when the groundwater level index ω assumes a critical value, 
say, ωCR. This means that the slope is stable for ω not exceeding ωCR. This is given by 
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( )

( ) ⎟⎟
⎠

⎞
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⎝

⎛
−⋅−⋅−+

⎟⎟
⎠

⎞
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⎝

⎛
−⋅⋅+

=

'tan
tan111

'tan
tan1

φ
θ

φ
θ

ω

r

rs

CR

See

SeG

 (10) 
 
For given Gs and e, Eqs. (8), (9) and (10) yield four states depending on actual slope 
and groundwater level index. 
 

i) If

( )
( )eG
G

s

s
+
−

≤
1

'tan
tan

φ
θ

, the slope is unconditionally stable. 

ii) If 
1

'tan
tan

≥
φ
θ

 the slope is unconditionally unstable. 

iii) If 

( )
( ) 1

'tan
tan1

<<
+
−

φ
θ

eG
G

s

s

 and crω<ω , the slope is stable. 

iv) If 

( )
( ) 1

'tan
tan1

<<
+
−

φ
θ

eG
G

s

s

 and crω>ω , the slope is unstable. 
 
The present approach improves that introduced by Montgomery and Dietrich [1994] 
who neglected the effect of the void ratio and the degree of soil saturation above the 
groundwater table. Figure 2 shows these four states for soils with specific gravity 
Gs = 2.7 and different values of average void ratio and average saturation degree of soil 
above the groundwater table. One notes that Sr has a negligible influence on slope 
stability.  Figure 3 shows model sensitivity to void ratio for different average saturation 
degree of soil above the groundwater table. One notes that Sr can be close to unity in 
practice, so the influence of void ratio can be moderate. 
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Figure 2: Soil mantle 
equilibrium for varying 
relative slope ratio, 
tanθ/tanφ , vs relative 
groundwater depth, h/z, with 
specific gravity Gs =  2.7, 
and void index e of 0.5 (a), 
1.0 (b), 1.5 (c), and 2.0 (d). 
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Figure 3. Model sensitivity to 
void ratio, e, for different 
degree of soil saturation 
above the groundwater table: 
dry (a), intermediate (b and 
c) and saturated (d). 
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Hillslope hydrology 
modelling 

The approach assumes that overland flow is generated by saturation excess. A hillslope 
is divided in topographic elements defined by intersection of contour and flow tube 
boundaries orthogonal to the contours (Figure 4). 
 

Figure 4 Sketch of an 
elementary drainage area: 
planar view (a) and 
hydrological fluxes (b). 
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 Let consider a control volume defined as the sub-basin closed at one specific 

topographic element. It is assumed to occupy the entire flow domain by integrating out 
the spatial dependence of flux terms. Thus all flux terms are located on the boundaries 
of the flow domain and they can be grouped into bulk inflow rates and outflow rates. 
Let denote with p the net rainfall, i.e. precipitation less evapotranspiration and deep 
drainage into the bedrock, and a the upslope contributing area (i.e. the cumulative 
drainage area of all topographic elements draining into the examined element) draining 
across b, the contour length of the lower bound to each element. Under the assumptions 
of (i) zero soil volumetric strain (i.e., average void ratio is constant) and (ii) constant 
average soil saturation degree above the groundwater table (i.e., Sr is constant), 
conservation of mass yields 
 

( )
'

1
1' dt

dhS
e

ea
dt
dSqap r ⋅−⋅

+
⋅==−

, for h ≤ z, (11) 
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and 
 

0rqap =−− , for h > z, (12) 
 
with t’ denoting time after the beginning of the storm, S the water storage in the 
element, and r the overland flow discharge occurring when soil is saturated (i.e. Sr = 1).
The Darcy’s law provides the seepage flow in the groundwater table. Thus, 
 

( ) θθθ sinbhKtanKcosbhq == , (13) 
 
where K is the saturated conductivity of the soil, and tanθ  is the head gradient assumed 
to be parallel to the local ground slope. 
 
Substituting Eq. (13) into (11) and integrating the differential equation for the initial 
condition of stable piezometric at the depth of hi(0) = hi, yields 
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, (14) 
 
for a rainfall episode with duration t, with T = Kz denoting the hydraulic transmissivity, 
i.e. the vertical integral along the soil depth of saturated conductivity of soil. By 
considering the simple case of the initial condition of stable piezometric at depth of 
h(0) = 0 and introducing the saturation precipitation rate, only depending on geometric 
and hydrologic properties of the hillslope and not from rainfall, 
 

a
Tbp θsin* =

 (15) 
 
yields 
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with 
 

( )rS
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eA −⋅
+
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11

 (17) 
 
denoting a dimensionless soil factor. 
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For 
1

sin
>

θTb
ap

, i.e. p/p* > 1, one obtains 
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and 
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One notes that the characteristic time t* depends on three factors, i.e. the dimensionless 
soil factor A1 describing actual soil physics, z/p* combining hillslope geomorphology 
with soil mantle characteristics, and p/p*, that describes the relative precipitation rate 
to the critical value. 
 
Figure 5 and Figure 6 show the variability of h and q+r, respectively, with storm duration 
for different values of the topographic ratio a/b. For given slope, soil thickness, void 
ratio, degree of saturation of the soil above the groundwater table, soil transmissivity, 
drainage area and net rainfall rate, an increase of the topographic ratio a/b yields the 
steady state thickness of the groundwater table to increase. But the rate of increase of h 
in time is much higher for large a/b than that characterizing small values of a/b. Thus, 
large values of a/b yield runoff production to rapidly achieve steady state conditions, 
while much more time is needed for elementary areas with small values of a/b to 
achieve steady state runoff production. 
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Figure 5 Height of the 
groundwater table versus 
storm duration for different 
a/b under specified 
conditions. 
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Figure 6 Runoff production 
versus storm duration for 
different a/b under specified 
conditions. 
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 Introducing the groundwater level index, ω = h/z, yields 
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and, for p/p* > 1, 
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with ξ = (p*/z)t denoting a dimensionless time. Figure 7 shows the variability of the 
groundwater level index ω with dimensionless time, ξ, for different values of 
dimensionless precipitation rate p/p*. 
 
Montgomery & Dietrich [1994] assumed that a steady state hydrologic model can 
mimic the effect of transient rainstorm with effective rainfall greater than a steady state 
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value. Here one finds that the combined effect of rain rate and duration on hillslope 
stability can be significant. Also, the model is capable of describing the threshold effect 
occurring when full saturation occurs in the soil mantle, so triggering overland flow. 
This occurs, e.g., for p/p* equal to 5 in Figure 7. 
 

Figure 7 Groundwater level 
index versus dimensionless 
time for different values of 
dimensionless precipitation 
rate, p/p*, and soil 
dimensionless factor, A1. 
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Precipitation threshold 
for slope instability 

Coupling hillslope hydrology with geomechanics yields landslide triggering by 
precipitation. This is obtained by substituting the left-hand side of Eq. (10) with the 
right-hand side of Eq. (14) expressed in term of groundwater level index, ω. One 
obtains 
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Solving Eq. (22) for p one obtains the rainfall rate threshold causing instability in the 
soil mantle under analysis, that is 
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with sub CR indicating the critical conditions for landslide initiation. Note that the 
precipitation threshold pCR given by Eq. (23) is a function of measurable quantities 
describing the physical properties of the hillslope. 
 
It is seen that the value taken by pCR strongly depends on duration t of precipitation 
occurring at the constant rate pCR, as displayed, e.g., in the examples shown in Figure 8 
highlighting that the diffusive character of the equations smooth sudden peaks in 
rainfall intensity. Therefore, the steady state approach by Montgomery and Dietrich 
[1994] can overestimate landslide triggering conditions especially for storms with short 
duration, typically of less than one or two days. This also depends on initial moisture 
conditions, as one can see by comparing, e.g., the thresholds shown in Figure 8d 
(Sr = 0.75) with those shown in the other ones (Sr = 0.5). Finally, one can observe that 
the topographic index (a/b) still remains a fundamental factor in determining the 
rainfall threshold for shallow landslide initiation, as shown, e.g., in Figure 8. The above 
approach for obtaining the rainfall rate threshold causing instability can be generalized 
to the case of non-constant hyetograph. The simple procedure considers the hyetograph 
subdivided in n time steps. For each time step the model computes the corresponding h 
considering as initial condition hi the h calculated at the previous step. Finally Pcr will 
be obtained by substituting in Eq. (34) as hi the hn-1. 
 
Eq. (34) can be written in dimensionless form as 
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with 
 
A2 = Gs + eSr , (25a) 
A3 = 1 + e , (25b) 
A4 = e (1+ Sr ), (25c) 
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denoting dimensionless soil factors depending on specific gravity of soil particles, void 
ratio and saturation degree of soil above the groundwater table. The dimensionless 
critical precipitation rate η = pCR/p* is plotted against dimensionless time ξ = (p*/z)t in 
Figure 9 for different values of relative slope ratio (tanθ/tanφ’ ). 
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Figure 8 Relationship 
between critical rainfall rate 
and storm duration for 
different a/b under specified 
conditions (a = 0.02 km2, 
φ’ = 42°, e = 1, Gs = 2.65, 
z = 1 m) and different 
combination of values taken 
by θ, Sr and T. 
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Figure 9 Dimensionless 
critical rainfall rate versus 
dimensionless time for 
different values of relative 
slope ratio and specified soil 
parameters e, Sr and Gs. 
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 1.5   A probabilistic approach to slope stability analysis 

  
GEOtop-SF computes the probability of shallow landslides being triggered under a 
given climatic and topographical frame. Taking as input the volumetric soil moisture 
content computed by the hydrological distributed model GEOtop [Bertoldi2005] and 
the geotechnical parameters characterizing the soil in the study area, SF maps the zones 
which are more prone to fail. Unlike groundwater-flow models used in SHALSTAB 
and dSLAM, which assume that water can flow only parallel to the slope and account 
for steady or quasi-steady pore pressure distributions only, GEOtop-SF also accounts 
for transient responses of pore pressure to rainfall infiltration. This reflects on a safety 
factor which varies with time according to the soil moisture conditions. SF has a 3D-
layered structure that aims at reproducing the regional topography, the stratigraphy of 
the site and the vertical variability of soil properties. The thickness and the number of 
the layers are identified according to similar soil types and properties. Despite the fact 
that they match the horizontal layer sequence set in GEOtop, neither a preferential 
sliding direction nor a sliding thickness is a priori set in SF [Figure 1]. A superficial 
layer reproduces the root zone, allowing to account for the additional soil cohesion due 
to the bonding strength of roots in the soil. In addition, SF accommodates a horizontal 
variability of soil type, soil properties and vegetation cover. Maps of these parameters 
can then be input in the model. It is designed to tackle three main aspects:   

• Dynamic 3D-hydrological processes;  
• Hydrological and geotechnical soil characterization;  
• Probabilistic and dynamic computation of the stability factor.  

Hydrological processes are investigated by GEOtop which, in a distributed way, 
simulates the fluxes and budgets of energy and water on a landscape defined by three-
dimensional grid boxes, whose surfaces is given by a DEM and whose lower 
boundaries are located at some specified spatially-varying depth. It also accounts for 
the presence of snow by adding a new layer on top of the DEM, as described in 
[Zanotti et al. 2004]. Surface boundary conditions are given by hydrometerological 
measurements (rainfall, temperature, wind velocity) regionalized, as described in 
[Bertoldi 2005]. 
 
On site geotechnical and geophysical campaigns provide useful information about 
substratum morphology, lithology and soil stratigraphy. In addition, geotechnical 
analyses performed on available soil samples, allow a more accurate soil 
characterization and therefore a more reliable simulation of soil behaviour. The model 
also accounts for the additional soil cohesion due to vegetation within the root zone. It 
accommodates distributed input but, in case this information is not available, lumped 
values can be assigned in the parameter file. 
 
A probabilistic approach to the computation of the safety factor is motivated by a 
variety of uncertainties in the parameters having a leading role in landslide triggering. 
In fact, a deterministic approach based on a failure threshold would result scarcely 
reliable due to the fact that this threshold is determined assigning single values to 
parameters instead of distributions. Therefore each parameter is considered as a 
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random variable associated with its variance whose values have to be estimated from 
data through statistics. 
 

Figure 10 Scheme of 
GEOtop-SF. It presents a 
3D-layered structure that can 
accommodate a simple 
geologic stratigraphy. Layers 
can be set (left) according to 
results from a drilling survey 
(right). 
 

 
Hydrological Process GEOtop, whose detailed description can be found in [Bertoldi 2005], models the 

following processes: (1) water and energy budget, (2) subsurface saturated and 
unsaturated flow, (3) surface runoff, (4) channel flow, (5) turbulent fluxes. Subsurface 
saturated-unsaturated flows strongly influence soil moisture, soil water potential 
(matric suction) and the water table position, which are elements relevant to landslide 
triggering. Soil moisture and matric suction within the soil layers are computed by 
integrating Richards' equation [Richards1931, Freeze1972], in a quasi-3D-scheme. 
This is done recursively, every time step, so that it is possible to follow the soil 
response to precipitation. The use of Richards' equation removes the need for the 
assumption of stationary conditions in subsurface flows and therefore it is possible to 
describe transient flows and infiltration. Richards' equation is here written according to 
[Paniconi & Putti 1994] as: 
 

 )()(= ψη +∇− zWrs SKKsubq     (26) 

 ,))()((=)( SSKTK
t

S zWrsW −+∇⋅∇
∂

∂ ηψψσ       (27) 

     
where the dependence from space and time of the variables has been dropped for 

notational simplicity, ψφσ ∂∂+ /=)( WsWW SSSS  is the storage term [L 1− ], 

sWS θθψ /=)(  is the relative water saturation (the ratio between the volumetric soil 

moisture content sθ ), φ  is the porosity [dimensionless], sS  is the aquifer specific 

storage coefficient [L
1−

], ψ  is the pressure hydraulic head [L], ∇  is the gradient 

operator, )(TKs  is the saturated hydraulic conductivity, and T  is the temperature 

[K]. )()/()( TKSKSK SWWr ≡  is the relative hydraulic conductivity, 
T(0,0,1)=zη , z  is the vertical upward coordinate and S  represents the modulus of 

the source or sink volumetric flow per unit volume. The saturated hydraulic 

conductivity )(TKs  has in fact two components, the vertical, )(TK vs , and the 

lateral )(TK hs  grid-averaged values [Kumar2004b]. In the model they are considered 



 33

proportional according to an anisotropy ratio given by svshK KK /=α , which is used 

as a calibration parameter. 
 

In GEOtop the relation between ψ  and θ  ( equation 27) is given through the model,  
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where rθ  is the dimensionless residual water content, α  [1/L], m  and n  are fitting 

parameters. 
 
These parameters and the saturated hydraulic conductivity are 3D-fields in the model 
and many different strategies are possible for their assignment. In this work they have 
been derived from the sampled soil texture by means of the pedotransfer functions 
proposed by [Vereecken et al 1989] and [Leij et al 2004]. The relative hydraulic 
conductivity is expressed as a function of the water content as in [Mualem 1976]. The 
description of vertical infiltration in GEOtop takes into account the surface fraction 
actually covered in water, assuming the presence of micro-relief in the terrain, which is 
parameterized by a surface roughness parameter according to Smith 2002 as 
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where I  is the effective infiltration rate, 0I  is the infiltration rate with no micro-

relief, d  the surface water depth, and 0h  the micro-relief height. Runoff at the surface 

is generated because the precipitation intensity exceeds the soil surface infiltration 
capacity (infiltration excess runoff, [Horton 1993]) or the water table level rises above 
the soil surface (saturation excess runoff [Dunne1978}). Both of these possibilities are 
dealt with the Richards' equation solver and are implemented according to the 
comprehensive analysis of boundary conditions made by Paniconi1994. In addition, 
Richards' equation allows water to redistribute laterally and move uphill or exfiltrate 
according to local suction. GEOtop computes the hydraulic conductivity through 
Mualem1976 equation: 
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 where m has been set to 1 and v is usually set to 0.5. 
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Soil Characterization 

 
Hydraulic and geotechnical soil properties strongly influence water flows and 
redistribution in porous media and determine the soil resistance to shear stress. Soil 
hydraulic conductivity, porosity, residual and saturated volumetric water content are 
parameters that control hydraulic mechanisms, whereas bulk density, lithology, 
stratigraphy, internal friction angle and soil cohesion, which includes cohesion due to 
cementation among soil particles, cohesion due to suction stress and cohesion due to 
vegetation, control the shear resistance, for a given moisture condition. These 
parameters assume distributed values and also vary with depth. The availability of data 
is therefore relevant to characterize the soil tendency to fail. 
 
The description of infiltration and redistribution processes requires the soil moisture 
retention curves (MRC), to be estimated. Since these are difficult to measure in the 
field, time consuming, costly and frequently impractical due to the high degree of 
spatial and temporal variability, methods able to relate easily measured soil physical 
properties to soil water characteristics are essential. Actually these relations are not 
unique and affected by a number of environmental and soil factors. Temperature, 
irregular pore geometry and discontinuities, variations in texture and mineralogy are 
the primary soil properties influencing soil water retention. Variability in these soil 
factors increases the uncertainty of predicting soil water retention values. As a 
consequence, methods for defining the soil hydraulic characteristic using mathematical 
models have been developed Vereecken1989 and Rawls1989. In this study the model 
proposed by Van Genuchten VanGenuchten1980 and modified by Vereecken setting 
the m-VanGenuchten parameter to 1, is used. The parameters defining the shape of the 

moisture retention curve implemented in GEOtop ( ,,, αθθ sr  n, equations 31-32-33-

34) are evaluated according to [Vereecken et al. 1989]. 
 

 CClr ⋅+⋅+ 0.00140.0050.015=θ     (31) 

  

 Clbs ⋅+⋅− 0.0010.2830.81= ρθ     (32) 

  

 ClCSln b ⋅−⋅−⋅−⋅+− 0.0232.6170.3510.0252.486=)( ρα   (33)

  

 2)(0.000150.0130.0090.053=)( SClSnln ⋅+⋅−⋅−         (34) 

 
These relations have been empirically obtained through regression analyses on large 
soil database. They describe the dependence of the water content on soil texture in 

terms of sand, S , clay, Cl  and carbon, C  percentage and eventually on bulk density, 

bρ , and on pore size distribution. The soil texture, the parameters describing the shape 

of soil MRC, α  and n , the saturated and unsaturated hydraulic conductivity sk  and 

)(θk , can be estimated at a reasonable level of accuracy from particle-size 

distribution analyses [Vereecken1989, Brooks1964]. Soil strength parameters, internal 
friction angle and cohesion at zero normal stress, are derived from drained shear tests. 
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Values of additional soil cohesion due to vegetation root are assigned according to 
literature and to the vegetation type present on site. Lithology and stratigraphy can be 
investigated using seismic prospects and geological maps if available. 

 
The new coupled model GEOtop-SF is able to describe the soil behaviour under failure 
conditions if the input parameters are obtained from accurate soil analyses. 
 

Dynamic Computation 
of the Safety Factor 

The idea behind this coupled hydrological-geotechnical model is to describe in detail 
the interaction between 3D-hydrological fluxes and soil behavior in order to reproduce 
transient pattern of pore water pressures and understand their impact on slope stability. 
We believe that this constitutes a reliable framework for studying shallow soil slip. Soil 
failure mechanisms are described through an infinite-slope scheme (Figure 11) which 
takes into account the forces acting on a prismatic soil element with a unit plane area. 
 

Figure 11 Infinite-slope 
model 

 
 

 The stability analysis of a natural slope can be tackled with respect to the long-term 
and to the short-term. The former is the case when the soil is drained and the excess of 
pore pressures have dissipated. In this case soil particles experience an effective stress 
due to actual loading conditions. The effective stress is the actual stress sustained by 
the soil skeleton [Terzaghi1943]. Failures can occur only as a consequence of an 
increment in loading conditions that exceed the soil shear strength. In this case flow 
mechanisms can be reasonably described by a steady or quasi-steady state. SF does not 
cope with this analysis. The latter is usually the case during and after rainfall when the 
soil gets wet and its volumetric water content increases. The generation of pore water 
pressures causes a reduction in soil effective strength [Terzaghi1943] and, as a 

consequence, the soil fails. Under saturation the soil effective stress σ ′  is given by the 
difference between the total stress σ  and the pore water pressure u  [Terzaghi1943], 

i.e. u−′ σσ = . Therefore the actual value considered for the computation of the 

safety factor is σ ′ . Despite the evidence that failures in natural slopes can occur also 
in unsaturated soil, where the pore water pressure is no longer a neutral stress 
[Lu2005], the version of SF here described only deals with saturated conditions. It 
computes the water table depth from the volumetric water content of each layer. This 
also allows perched water table to be considered. 
 
Unlike models which solve transient pore pressure redistributions through analytic 
solutions as function of time and depth [e.g. TRIGRS, Baum2002], GEOtop-SF solves 
the problem numerically. It simulates moisture content and the evolution of pore 
pressures, resulting from infiltration, solving water and energy budget equations for 
each pixel and for each time step. Therefore maps of volumetric soil water content, 
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suction potential, water table depth and other hydrological parameters are available at a 
user-defined time. The module SF, assessing the stability of each pixel, runs at every 
time step with different soil moisture conditions. This provides a safety factor which 
varies in time and space. In addition, the calculation is iterated for each layer to 
investigate the stability at different depth. The layers are set in the GEOtop's parameter 
file imposed after having geotechnically characterized the soil. It is relevant to 
underline that these layers do not represent planes of imposed failure but only 
homogeneous soil horizons; in fact, the depth of a potential failure is allowed to vary 
from the surface to the bedrock. The computation of the active forces also considers the 
role of vegetation; in fact, according to Bischetti2004 the cohesion due to vegetation, 
depending on the type, on the rooted area (i.e. the ratio between the cross sectional soil 
area actually occupied by roots and the surface considered), on the root depth, on the 
root diameter and on the season, ranges from 20 to 50 kPa in the first 40 cm of the soil 
and from 5 to 20 kPa up to 1 m depth. The basic equation for the safety factor used in 
GEOtop-SF as starting point for the probabilistic approach is the following: 
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 c′  is the effective cohesion due to soil particle cementation, cΔ  is the additional soil 

cohesion due to tree roots, φ  is the internal friction angle, )(kd  is the thickness of 

layer k , θ  is the volumetric water content, sθ  is the volumetric water content at 

saturation, α  is the slope angle and ),( jiWT  is the tree weight per unit area. 

),,( jik  refers to the layer k  in the column ),( ji . 

 

 1.6   Model application: CUDAM GEOtop model  

GEOTOP model 

 
Soil parameters uncertainty is incorporated considering the cohesion and the friction 
angle as random variables with a given distribution. As a first approximation soil 
parameter variability is assumed to be described by a Gaussian distribution, whose 

parameters, mean μ  and variance 2σ , are taken from the analysis of the available 

geotechnical data. 
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 Rewriting equation 2 in terms of random variables, C, Φ  and CΔ  and highlighting 

the three terms constituting the safety factor, it is possible to associate a probability 
density function to the safety factor, which, in turns, becomes a random variable.  
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It is the sum of three independent random variables whose density probability can be 
calculated applying twice a convolution integral. In general, if Y is the sum of three 

random variables 1X , 2X  and 3X  and their pdf 
1Xf , 

2Xf and 
3Xf  are known, the 

pdf associated to Y is: 
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where 
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 are respectively the conditional probability of 1X  

given 2X  and of 1X , 2X  given 3X . Applying this to the computation of the safety 

factor yields another Gaussian distribution. 
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where  
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A = L(l,i, j)γw sin2α(i, j)
2

;

D = L(l,i, j)tanα(i, j)

L(l,i, j) −
k=1

l

∑d(k) ⋅ (θ(k,i, j) +1−θs(k,i, j))

     (42) 

 
The concept that a slope is unstable when the safety factor is less than 1 can be 

reinterpreted in probabilistic terms using the cumulated probability )(sfFSF  which 

estimates the likelihood that the random variable SF takes a certain value sf. If this 
value is 1, the cumulated probability represents the probability that a failure occurs. 
Figure 12 shows a plot of the cumulated probability, as a function of SF, obtained for 
three different values of the friction angle. It points out that the probability of failure is 
strictly related to soil properties. For a given slope and for a set of hydrologic 
parameters it decreases with the friction angle. In fact, the soil shear resistance is 
proportional to the tangent of the friction angle and therefore soils with larger friction 
angles exhibit a higher shear strength. GEOtop-SF computes the safety factor. This 
gives the mean value of the safety factor, also computed by GEOtop-SF, it provides a 
more reliable estimate of shallow landslide hazards. 
 

 ( ) ( ) ),(ˆ=1<=, ),(
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Figure 12 Cumulated 
probability of failure for 
three different values of the 
friction angle. The failure 
probability is strictly related 
to soil properties; for a given 
slope and for a set of 
hydrologic parameters it 
decreases with the friction 
angle. 

 
CUDAM Case study 

 
The analysis presented has been carried out for an alpine watershed, located in the 
Friuli region, Italy, for which some geological and geotechnical data were available. In 
the past, this watershed experienced landslides and debris flows during intense storms 
following long and moderate intensity rainfall events. The distributed coupled 
GEOtop-SF model has been calibrated by reproducing some of these events and 
validated in order to map future failure probabilities. 
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The data provided are:  
Volumetric soil moisture (computed by GEOtop); 
Geotechnical parameters characterizing the soil in the study area. 
In this section we present an application of the model whose target is testing its 
capability of simulating the large landslide occurred in 1817, using 250-year rainfall 
volume. The model was run for a year-time period so that the system has sufficient 
time to respond to the forcing and to reach a mean steady-state condition. The rational 
for that is that long-term average quantities are more representative of conditions at a 
particular catchment location if compared to short-term dynamical variations. We 
believe that this average steady-state conditions and dynamic equilibrium in surface 
and subsurface states prior to the analysis period. Boundary conditions have been set 
considering that we are interested in understanding and modelling shallow phenomena 
which occur in the first meters of soil, therefore taking into account the whole 
thickness of soil above the bedrock (up to 40 m) is not necessary. As a consequence, 
boundary conditions were set, according to the topography, at a variable depth of 3-4 
m, in terms of gravity flux. This depth is divided into 5 layers of different thickness, 
0.1, 0.3, 0.5, 0.6 and 1 m. The model was calibrated using the available meteorological 
data (years 2003-2004-2005), this provided initial conditions for the landslide event we 
wanted to simulate. Using a series of historic precipitation data, constituted by the 
maximum annual rainfall intensities for 1, 3, 6, 12, 24 hours, intensity-duration-
frequency (IDF) curves were produced for several return periods. A return period of 
250 years was assumed for the event of interest and the volume of water fell on the 
ground in a given period of time was computed using the corresponding IDF. At that 
stage, the pattern given by the available and more recent rainfall data (2003-2004-
2005) was amplified for a 1-month-period, to obtain the same critical 250-year rainfall 
volume and with such a pattern GEOtop-SF was run to verify slope stability. GEOtop-
SF run on Sauris catchment for 220 days; within this period, the rainfall pattern 
previously described presents its peak at 26 august 2004.  
 
Results were analyzed from two points of view. Firstly, a correspondence between soil 
moisture variation with time and probabilities of failure was sought to detect possible 
triggering conditions. Secondly the variation of unstable areas with depth was analysed 
to understand any possible trend 
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Figure 13: Variation of the 
failure probability with 
volumetric soil moisture 
evolution. Grey areas are 
rocky outcrop characterised 
by a very steep topography 
where the slope angle is 
larger than the internal 
friction angle and areas with 
scarce sediment availability. 

 Figure 13 displays patterns of soil moisture and the relative probability of failure. The 
maps on the left hand-side show soil moisture evolution before and after the storm 
peak, the maps on the right hand-side show the probability of failure for each soil 
moisture condition. The first map, on the top left, refers to 10 days before the events, 
the middle map to maximum saturation day and the last, at the bottom left, to 10 days 
after the event. It is relevant to point out that the day of maximum saturation is shifted 
with respect to the peak of the storm. This delay, which is common in highly 
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permeable soils where saturation occurs from below, is faithfully simulated by 
GEOtop. The effects of the increase in soil water content affect the probability of 
failure which assumes its maximum value in the same day. In fact, pore water pressure 
that develop in soil reduces its effective stress and, as a consequence, its shear strength. 
As soil begins to desaturate, pore water pressure decreases to pre-event conditions and 
consequently the probability of failure decreases. GEOtop-SF output shows that the 
Safety Factor is a time-dependent index which is strictly correlated to moisture 
conditions and therefore it has to be calculated at each time step to describe slope 
stability evolution during a storm. Grey areas have not been considered in the slope 
stability analysis since, from the geologic and the sediment maps (Figure 14 and Figure 

15), these areas are rocky outcrop characterized by a very steep topography where the 
slope angle is larger than the internal friction angle and areas with scarce sediment 
availability. As a consequence, the failure probability in such areas is, anyway, very 
low. The analysis of the variation of stable and unstable areas with depth is resumed in 
Figure 16, Figure 17, Figure 18 and Figure 19. Figure 16 suggests three main comments: 1. 
stable, green areas (whose probability of failure ranges from 0 to 20 %) decrease with 
depth; 2. unstable, orange and red areas (whose probability of failure ranges from 60 to 
100 %) increase with depth; 3. the number of the areas characterized by mild instability 
(whose probability of failure ranges from 20 to 60 %, yellow and dark yellow areas) 
show a weak dependency on depth. Analyzing this issue in more details, two reasons 
may be found to explain such a behavior: the areas themselves do not change or, if a 
certain portion of areas, whose instability ranges from 0 to 20 %, increases such 
instability to 20-60 %, the same portion shifts its instability to 60-100 % range. In 
addition, Figure 17 shows that the number of relatively stable areas (whose probability 
of failure ranges from 0 to 20 %), slightly changes in time, reflecting a weak 
dependency on soil moisture content. Figure 18 and Figure 19 highlight that: for a given 
range of failure probability (40-60% and 60-80% respectively), unstable areas increase 
toward the peak of the storm, t2 (coarse dashed line), if compared to unstable areas in a 
interstorm period (fine dashed line). This reflects the trend of the soil moisture content 
and underlines physical connections between hydrological and geotechnical processes. 
Furthermore, the dependency between unstable areas and depth reflects a general trend 
toward an increase in unstable areas with depth; this increase is not linear, it is more 
emphasized within the first two layers than in the deeper ones. 
 

Figure 14: Sauris geologic 
map. 
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Figure 15: Sediment analysis 
according to the photo-

geology interpretation. 

Figure 16: Variation of 
stable and unstable areas 
with depth. Soil depth is 
represented through 5 layers 
of 0.1 m, 0.30 m, 0.5 m, 0.6, 
m and 1 m respectively. 

 
Figure 17: Variation of the 
stable areas with respect to 
time and depth. Stable areas 
refer to a triggering 
probability ranging from 0 to 
20%. t1 refers to a day within 
the interstorm period and t2 
refers to a day after the 
precipitation peak 
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Figure 18: Variation of the 
areas, whose failure 
probability ranges from 40 to 
60 %, with respect to time 
and depth. t1 refers to a day 
within the interstorm period 
and t2 refers to a day after 
the precipitation peak. 

Figure 19: Variation of the 
areas, whose failure 
probability ranges from 60 to 
80 %, with respect to time 
and depth. t1 refers to a day 
within the interstorm period 
and t2 refers to a day after 
the precipitation peak 

 1.7 Regional investigations 
 

Rainfall thresholds in 
Switzerland 

Some rainfall threshold lines for debris-flow occurrence are compared with data from 
Switzerland in Figure 20. Two kinds of meteorological events can be distinguished for 
the triggering of debris flows (they are also represented by the two clusters of data 
points in Figure 20).  

Type A events: Short thunderstorms or high-intensity downpours are likely to generate 
flood events in torrents which promote debris-flow formation by material entrainment 
along the main channel. In Switzerland, a minimal rainfall intensity of about 30 mm/h 
and a minimal cumulative rainfall of about 40 mm are necessary to trigger type A 
events. The precipitation may also partly occur in form of hail, a fact often emphasised 
by local observers. In Switzerland, most thunderstorm related debris flows occur in the 
months from June through September.  

Type B events: Sustained regional rainstorms result in substantial water infiltration, 
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subsurface runoff and partial or complete saturation of the soil. These soil conditions 
favour increased surface runoff, and the soils are susceptible to slope failures which 
may trigger the formation of debris flows. Another triggering situation is a combined 
effect of rainstorm and snowmelt. In Figure 20 the two Swiss debris-flow events with 
an average rainfall intensity below 1 mm/h occurred during snowmelt periods.  

Note that there is a considerable uncertainty in defining threshold conditions as given 
in Figure 14. The rainfall data may not necessarily be representative for the debris-flow 
initiation site, have a limited temporal resolution, and the relevant rainfall duration is 
generally unknown. Furthermore, differences in geological and hydrogeological 
conditions are not accounted for in the above threshold relationships which are based 
on data from many different areas. 

 
Figure 20 Relation between 
critical rainfall intensity and 
duration for debris-flow 
occurrence: data from the 
Swiss Alps (from 
Zimmermann et al., 1997a), 
and comparison with other 
threshold lines. 
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 1.8     Catchment specific investigations on sediment availability 

 The first step to estimate the state of sediment filling of the channel is to obtain precise 
measurements of the soil surface. Such topographic data can be acquired on the field or 
from aerial photographs through stereophotogrammetry techniques. To avoid collecting 
complete DEMs of the channel, an optimal sampling procedure has been established 
which guarantees a sufficient representation of the topographic surface while 
measuring as few points as possible. This procedure consists in measuring “enriched” 
long profiles: series of cross-sections spaced out by 50 m (or less in case of abrupt 
slope changes) along the channel, each cross-section comprising only four well-chosen 
data points.  

The second step is then to assess the lowest possible level for debris flow erosion. This 
reference level necessarily passes through all the hard points of the channel (check 
dams, natural rocky escarpments…). Between the hard points, however, this reference 
level is generally unknown, and two hypotheses have been proposed (Figure 21). The 
first one is that the reference level corresponds to the dynamic equilibrium profile 
between the hard points. However, it is relatively frequent to observe erosion levels 
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well below this equilibrium profile, and so this hypothesis yields an upper bound for 
the reference level. The second hypothesis is constructed from the maximum erosion 
slope observed in the channel (typically, downstream of sediment traps) and is most 
likely to represent a lower bound for the reference level.  

Once both the actual topographic surface and the reference level are determined, it is 
relatively easy to compute the volume of sediments comprised in between (assuming a 
U-shape for the hypothetical cross-section eroded by debris flows). This volume 
represents the quantity of sediments potentially available for feeding a debris flow. In 
spite of the simplified sampling procedure adopted, modern topographic techniques are 
sufficiently precise to yield errors on volume estimates less than 10%. The main source 
of uncertainty comes from the determination of the basal reference level for which, at 
present, only extreme bounds can be drawn. 

Figure 21(from Veyrat-
Charvillon & Memier, 2006): 
The two reference levels used 
to estimate sediment volumes 
in the channel. Hypothesis A 
(profile a): reference level as 
a dynamic equilibrium slope 
gradient. Hypothesis B 
(profile d): reference level in 
between the equilibrium 
slope gradient and the 
observed maximum erosion 
slope (profile c). 
 

Study area 

 

The proposed methodology has been extensively applied on a small torrential 
catchment located near Grenoble, France: the Manival torrent. Total drainage area of 
the basin is about 7 km2, and the mean slope of the channel is 20%. The largest debris 
flow for which volume has been estimated, occurred in 1968 and deposited about 60 
000 m3 of material on the fan. This torrent has received a considerable amount of study 
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and its activity is continuously monitored since the end of the 19th century. The channel 
has been equipped with more than 100 checkdams and a sediment trap (on the alluvial 
fan) by the RTM agency. Series of aerial photograph allow to reconstructing and 
comparing the topography of the channel at 12 different dates since 1963, using the 
methodology presented above. It has been checked, in particular, that the minimum 
topographic level of the channel recorded during this period is effectively comprised in 
between the two hypotheses proposed for the reference erosion level. 

Geomorphological 
inferences 

 

The sediment content of the channel displays large fluctuations through time. A 
detailed study of the spatial distribution of the sediments led to identifying 9 
homogeneous zones characterized by similar values of potential accumulation (Figure 

16). Large values of this quantity indicate zones of preferential sediment accumulation, 
whereas small values denote zones of sediment transfer. In parallel, a functional 
mapping of the sediment-supply areas in the Manival catchment has been conducted. 
As shown in Figure 22, the most productive areas are located in the upper part of the 
basin where hillslope terrains are steep and loose. This explains why zone 1, though 
characterized by high slopes around 20%, is an accumulation zone. Once conveyed 
into the channel by the various hillslope erosion processes, sediments are then 
transported from one accumulation zone to the next by the mean of frequent, small-
scale debris flows (< 1000 m3) triggered by hydro-meteorological events. 
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Figure 22(from Veyrat-
Charvillon & Memier, 2006): 
Maximum specific potential 
accumulation (in m3/m2) of 
the 70 reaches initially 
defined in the Manival 
channel.  This quantity is 
computed as the difference in 
specific volume between the 
states of maximum and 
minimum sediment 
accumulations recorded for 
each reach during the period 
of the study (1963-2000).  
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Figure 23 (from Veyrat-
Charvillon & Memier, 2006): 
Functional map of the 
sediment-supply areas for the 
Manival torrent catchment.  
The method used to establish 
this map is developed in 
Veyrat-Charvillon (2005). As 
shown, ten classes have been 
defined corresponding to 
combinations of 4 different 
criteria (channel 
connectivity, vegetation, 
lithology, geomorphology), 
and each class is then 
associated to a qualitative 
index of sediment 
productivity. Note that this 
determination key does not 
account for large-scale mass 
movements (such as large 
landslides for instance), 
which are absent from the 
Manival catchment. 

 

 

 Interestingly, the state of sedimentary filling of channel upper zones appears well 
correlated with the average annual precipitations recorded in a nearby meteorological 
station (Figure 23). This indicates that the geomorphic processes that are responsible for 
the progressive migration of the sediments from the hillslopes towards the channel are 
activated by large cumulated precipitations, in particular if these precipitations occur 
during winter time. On the contrary, the processes responsible for the progressive 
transfer of the sediments along the channel (micro-debris flows) appear to be 
disconnected from the cumulated precipitations: they are rather triggered by intense 
and localized storms occurring preferentially during summer.  
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Figure 24(from Veyrat-
Charvillon, 2005): Relation 
between variations in 
sediment accumulation for 
the 9 homogeneous zones 
defined in the Manival 
channel (in m3/year: 
histogram) and annual 
precipitations recorded in the 
nearby station of St-Pierre de 
Chartreuse. The dotted line 
represents the annual 
cumulated precipitations, and 
the full line represents the 
averages over the periods for 
which sediment data are 
available. 
 

 The knowledge of sediment volumes stocked inside the channel at various dates, 
combined with the records of the sediment outputs on the fan (periodically extracted 
from the terminal sediment trap and from the channel) also permits to establish partial 
sediment budgets of the catchment. From these, it has been possible to compute 
estimates of specific erosion rates for the sediment-supply areas. The average value 
obtained is about 7.6 mm/year, and appears to be compatible with values reported in 
the literature for similar types of terrains. This constitutes a further validation of the 
methodology adopted to study the sedimentary filling of the channel. 

Proposal of a new 
method  

The detailed study of the sedimentary dynamics of the Manival catchment led the 
author to propose a new predictive method to assess: (1) the probability of occurrence 
of a major debris flow; (2) the maximum potential volume of this debris flow. 
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Occurrence of a debris 
flow: SPOTS zones 

 

The migration of sediments in a torrential catchment is mediated by a large number of 
geomorphic processes occurring over various space- and time-scales. From the 
hillslopes, sediments are progressively fed into the channel where they are temporarily 
stocked prior to eventually transform into a debris flow. The channel thus plays a key 
role in the dynamics of this complex system. Furthermore, close inspection reveals that 
sediment filling is not uniform inside this channel: There exist a certain number of 
characteristic zones in which sediments preferentially accumulate. These are called 
SPOTS zones.  Partially-filled or empty SPOTS zones tend to stop debris flows that 
have formed upstream. Hence, the probability for a debris flow to reach the alluvial fan 
is small in this case, limited to extreme hydro-meteorological events. On the contrary, a 
complete filling of all the SPOTS zones is the sign of a huge probability for a large 
debris flow to occur, even in case of a moderate hydro-meteorological event. 
Accordingly, the observation of the filling state of the SPOTS zones constitutes a good 
indicator of the probability for a debris flow to reach the alluvial fan. At present, this 
indicator is only qualitative but it is expected that detailed studies in the future may 
lead to quantitative probability assessments based on the SPOTS zones 

The identification of these SPOTS zones is direct when one is able to reconstruct the 
sedimentary history of the channel through time. In general, however, this is not 
possible.  The Manival case shows that these zones systematically correspond to slope 
reductions or to enlargements of the channel. More precisely, one observes that the 
slope factor only is sufficient to fully characterize these zones (because channel width 
is generally correlated to slope): SPOTS zones correspond to local concave slope 
ruptures. This criterion can be used to directly determine SPOTS zones by visual 
inspection on the field. In principle, an objective localization of these zones using long 
profiles is also possible, but proved to be rather imprecise due to the large errors 
introduced when computing linear slopes from topographic data. 

Potential volume of the 
debris flows: 
PREVENT method 

 

As stated above, the determination of the amount of sediments stocked inside the 
channel should give a direct estimate of the maximum potential volume of a debris 
flow. However, it turned out in the case of the Manival torrent, that the stocked volume 
may at times reach more than 260 000 m3, and constantly oscillates around an average 
value of 100 000 m3. Such values are much larger than the volume of the largest debris 
flow observed in this torrent (60 000 m3). Hence, the author proposed to limit the 
sediments taken into account in the volume calculation by introducing a slope criterion: 
Only channel reaches whose slope exceeds 8% will be considered in the estimation of 
debris flow volumes. This method is called PREVENT. The justification for this 
threshold is the commonly-accepted observation that debris flow fronts tend to 
decelerate, and even stop, on slopes less than 8%. Consequently, the erosive power of a 
debris flow on slopes less than 8% is likely to be very weak. Table 2 show the results of 
the PREVENT method for the Manival torrent. On average, the volume of sediments 
stocked in slopes exceeding 8% is of the order of 50 000 m3. This value is in very good 
agreement with the volumes of the known debris flows that occurred in this torrent.  
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Table 2 (Veyrat-Charvillon, 
2005): Sediment volumes (in 
m3) potentially available for 
a debris flow in the Manival 
channel, calculated 
according to the PREVENT 
method. For each date, the 
two values corresponding to 
the two extreme hypotheses 
on the reference erosion level 
are given, as well as the 
average value. 

 

 

Application to two 
other torrents 

To validate the proposed method, it has been applied to 2 other torrents located near 
Grenoble: the Merdaret torrent and the Arches torrent. These two torrents share 
common characteristics with the Manival: they are all clearly supply-limited, and the 
source of sediments is relatively localized in the upper basin (scree, rockfalls,…). The 
sedimentary filling of the channels has been determined using both field surveys and 
aerial photographs. This allowed to determining the characteristic SPOTS zones and to 
estimate the volumes of the maximum potential debris flows. The obtained values 
proved in good agreement with the volumes of known debris flows recorded in these 
catchments. 
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Chapter 2 
 
ROCK AVALANCHES 
 
 

Defining rock 
avalanches 

Rock avalanching is the extremely rapid (>30 m/s), flow-like movement of large 

volumes (>106 m3) of rock being increasingly fragmented during the runout process. 

From a physical perspective, rock avalanches (or “sturzstroms”; Hsü [1975]) are 

extremely rapid granular mass flows, often involving solid, liquid, and gaseous phases 

[Hungr et al., 2001]. The unusual long runout produced by rock avalanching cannot be 

readily explained by conventional friction physics, and a number of semi-quantitative 

as well as mechanistic theories have attempted to explain the excess travel distance. 

Rock avalanches differ from volcanic debris avalanches in that they usually contain 

less water during motion, and in that their movement gives rise to catastrophic 

comminution of rock particles down to sand and silt size. This characteristic 

fragmentation effect during flow motion is what distinguishes rock avalanches from 

large rock(-block) slides, in which large parts of the moving mass remains more or 

less intact. 

  

 

3.1 Modelling Approaches 

 
 
 

 

Introduction 

Why model? The modelling of large catastrophic landslides in general, and long-runout rock 

avalanches in particular, is of interest for several reasons. First, the encapsulation of 

what appears to be a highly energetic and destructive process of relief destruction is of 

intrinsic interest to geosciences in terms of its mass-transport capability and resulting 
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landform changes, particularly disciplines such as process geomorphology, 

Quaternary geo(morpho)logy, or long-term landscape evolution. 

The process of rock avalanching itself, however, poses many interesting questions and 

challenges to analytical and fluid mechanics, the physics of Coulomb friction and 

granular mass flows, as well as conservation of mass and energy. 

From an applied perspective, modelling of rock-avalanche dynamics and their runout 

is of utmost interest to natural hazard and risk management. Model outputs should 

ideally serve to spatially delineate the area of direct physical impact from a spreading 

rock-avalanche deposit as a function of well-defined initial and boundary conditions, 

such as, among others, the initial volume of the rock avalanche, and the surrounding 

valley geometry. To be effective, hazard map zonation further requires a combination 

of these simulated final runout dimensions together with estimates of the average 

recurrence interval for a defined event volume. 

Types of models Four main types of models have governed research on the causes, dynamics, and 

geomorphic effects of rock avalanches: 

• empirical (semi-quantitative) models; 

• physical (“sand-box”) models; 

• geophysical (site-specific) models; and 

• numerical process models. 

 

Though each of these model types have their advantages and disadvantages, they have 

served to promote our knowledge on the phenomenon of rock avalanches and related 

granular mass flows and rapid mass movements, in general. The following overview 

gives a brief summary of the input requirements, underlying assumptions, 

applicability, and limitations of various models used to explain the physics of rock 

avalanches. 

  

 

3.2 Types of Models 

 
 
 
 

 

3.2.1  Data input requirements 

Initial topography The success of any modelling effort in terms of reliably predicting rock-avalanche 

runout is strongly dependent on the quality and accuracy of input data for initial and 

boundary conditions. Generally speaking, for any model, the quality of the output is 

determined by the quality of its input. 

For large rock avalanches, this poses an interesting and far from trivial problem, since 
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the initial conditions for many events remain poorly defined or mostly unknown. Only 

in a number of historic occurrences is it for instance possible to reconstruct the initial, 

i.e. pre-failure, topography from photography, topographic maps, or ideally, even 

digital topographic data. 

Geotechnical back analyses only address the limit force equilibria prior to failure, 

while only indirectly indicating any requirements of the pre-failure topography. 

Likewise, volume estimates of rock-avalanche deposits may differ quite substantially 

from those of source areas, even when they are seemingly obvious and well-defined 

by topographic break lines, such as amphitheatre-shaped detachment areas [e.g. Abele, 

1974]. Likewise, the initial internal rock-mass structure of the original source area, 

which may have exerted considerable control on the shape and size of the detaching 

rock mass, is usually intractable to reconstruct. 

The problem of initial conditions is much easier dealt with in terms of the causes and 

trigger mechanisms of rock avalanching, since most models are designed to 

commence at the onset of the failure process without prior knowledge on the 

underlying process history. For event-based triggers such as earthquakes or 

rainstorms, this instance may be applicable, although there remains in some cases the 

problem of potential initial motion prior to catastrophic failure (see below). 

Runout behaviour and 
valley geometry 

The topography of the failure site and its immediate surroundings are important 

boundary conditions for modelling the runout characteristics of rock avalanches. 

Nicoletti and Sorriso-Valvo [1991] demonstrated that the runout behaviour of rock 

avalanches may be a function of major landform elements in the runout zone. 

However, several studies have also shown that large rock avalanches may obliterate 

minor valley-floor landforms, and, in exceptional cases, contain phases of pure falling 

motion without significant bedrock contact [Heim, 1932], or even override minor 

interfluves [e.g. Hewitt, 1998; McSacveney, 2002], representing extreme cases of the 

typical phenomenon of swash or run-up on opposite valley flanks. 

Typically, sudden impact of the moving rock-avalanche mass against major obstacles 

such as the juxtaposed valley flank may also cause substantial diversion of the bulk 

rock mass of directions normal to that of initial movement, usually along the major 

valley axis, causing a characteristic L-shaped deposit planform to develop. Hence, it is 

critical to capture the three-dimensional valley topography below the detachment area 

on a 101-km scale as accurately as possible. This should also include any water bodies 

in the runout path, since the fragmentation mechanics and runout behaviour of rock 

avalanches will significantly differ when in contact with underlying water bodies. The 

corresponding and newly emergent field of research on landslide tsunami [Pedersen et 

al., 2002] deals predominantly with the dimensions and propagation of displacement 

waves as the main issue of concern [e.g. Lynett and Liu, 2005; Panizzo et al., 2005], 
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whereas the actual runout underwater is only of secondary concern. 

Flow conditions Other critical parameters to calibrate models of rock-avalanche dynamics and runout 

include estimates of flow conditions, which usually address a mean or maximum 

velocity of the moving mass. Similarly to debris flows, several rock avalanches have 

been documented to show effects of superelevation, especially where they have been 

subject to channelization along major valley axes. This superelevation effect can be 

exploited to infer mean flow velocities. Clavero et al. [2002] used impact marks of 

projectiles from volcanic debris avalanches on exposed rock surfaces to infer the flow 

velocity required. 

 
 
 
 

 

3.2.2  Underlying assumptions 

 Iverson [2003] recently summarised the basic approaches and shortcomings to the 

modelling of runout of large landslides. Many of his findings also apply to rock 

avalanches. On the process side, however, a considerable range of sometimes 

diverging theories have addressed the unusual runout of rock avalanches with regard 

to conventional frictional theory. 

Coulomb friction – 
applications and 
limitations 

One of the earliest approaches to model the runout of rock avalanches was undertaken 

by Heim [1932], who used a Coulomb slide-block model, based on Newton’s second 

law: 

φθρθρρ tancossin ghgh
dt
dvh −=

 
(3.1)

where ρ is density of a rigid rock mass; h is its (uniform) height; v is velocity; t is 

time; g is acceleration due to gravity; θ is hillslope angle; and φ is the Coulomb 

friction angle, i.e. the ratio of shear to normal forces at the sliding plane. This 

important rock property is readily obtainable from laboratory experiments (30° < φ < 

40°), and has therefore greatly contributed to the popularity of this approach. 

Integration of equation (3.1) over travel distance x, while implicitly assuming a point 

mass with zero volume, yields the well-known morphometric characterisation 

φtan=
L
H

 (3.2)

where H is the maximum vertical drop height of the rock avalanche, i.e. the vertical 

elevation difference between its crown scarp and deposit toe; and L is the maximum 

runout length. Scheidegger [1973] interpreted the ratio in equation (3.2) as the 

coefficient of internal friction of a given rock avalanche. 

The most important limitation to this simple model comes from empirical 
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observations of rock-avalanche runout L, which beyond a somewhat diffusely defined 

“threshold” volume V ~106 m3, is higher than predicted by the range of typical values 

of φ in equation (3.2). In other words, larger rockslide and rock avalanches do travel 

for longer distances than one would expect from conventional frictional theory. This is 

the reason, why simple sand-pile laboratory experiments do not represent the 

mechanics of large rock avalanches in the field [Davies and McSaveney, 1999]. A 

measure of this “excess runout” was proposed by Hsü [1975]:  

°
−=

32tan
HLLe  (3.3)

assuming that φ = 32° would represent a typical angle of friction. Le however scales 

somewhat systematically with V over several orders of magnitude, and hence remains 

unaccounted for when using both point-mass assumptions and a Coulomb friction 

term as in equation (3.1). 

Dade and Huppert [1998] extended this empirical prediction potential by a 

formulation based on the conservation of energy: 

3/23/1 )(
τ

λ gMHA =  (3.4)

where A is the total area covered by the rock-avalanche deposit; λ is the mean width-

length ratio of the rock-avalanche deposit; M is deposit mass; and τ is resisting shear 

stress. 

The case for low basal 
friction 

As Iverson [2003] notes, there have been several modifications of equation (3.1) to 

include e.g. changes in mass resulting from entrainment or deposition during runout 

[Hungr and Evans, 2004]. However, in some way or the other they neglect to 

satisfyingly address basic physical constraints, such as conservation of mass or 

momentum. Conservation of volume, which is employed for studying extraterrestrial 

long-runout rock-slope failures [e.g. Barnouin-Jha et al., 2005]: 

0)( =
∂
∂

=
∂
∂ hu

xt
h

 (3.5)

where u is mean rock-avalanche velocity; is a premise not directly applicable to rock 

avalanches (or other large landslides, for that matter), given the importance of 

dilatance of the moving mass, and any processes of entrainment or deposition during 

motion [Hungr and Evans, 2004]. 

Nevertheless, the observed excess runout of rock avalanches has invoked various a 

number of physically-based theories that advocate modes of reducing internal and/or 

basal friction in a way that would allow for the extreme travel distances observed. 

Lubrication due to gas 
and fluid pressures 

Early avenues of explanation postulated that trapped air cushions below the moving 

rock avalanche mass or entrainment of groundwater saturated valley fills would
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rock-avalanche mass or entrainment of groundwater-saturated valley fills would 

produce high enough fluid pressures to sufficiently reduce basal friction during 

motion [Abele, 1997]. The generally higher pore-water water content in “cold” 

volcanic debris avalanches or mixed ice/rock avalanches indeed appears to produce 

much higher runout (>10 km; Capra and Macías, 2002; Shang et al., 2003; Huggel et 

al., 2005], and lower values of mean deposit thickness, than for non-volcanic rock 

avalanches. 

The detection of giant rock avalanches on extraterrestrial bodies such as the Moon or 

Mars [e.g. Barnouin-Jha et al., 2005; Bulmer and Zimmerman, 2005], however, casts 

serious doubts on the need of additional lubricant media to produce excess runout 

(although there are circular arguments that spell out the necessity of extraterrestrial 

liquid water for producing such phenomena). Moreover, Brodsky et al. [2003] argued 

on the basis of teleseismic data of three large volcanic debris avalanches that volcanic 

gas would not affect the apparent friction during motion. 

Acoustic fluidisation Another attempt to explain Le is that of acoustic fluidisation, during which “transient, 

high-frequency pressure fluctuations, generated during the initial collapse and 

subsequent flow of a mass of rock debris, may locally relieve overburden stresses in 

the rock mass and thus reduce the frictional resistance to slip between fragments.“ 

[Collins and Melosh, 2003]. 

Processed image of 
field photograph of 
right-hand flank of the 
1987 Val Pola rock-
avalanche deposit 
close to the slope foot 
(65 m2, 6272 
fragments) [Crosta et 
al., 2007]. 

 

Dynamic 
fragmentation 

A recently developed theory introduces the concept of dynamic fragmentation 

associated with high dispersive pressures due to close grain-to-grain interactions, 

which lead to break up of clasts along failure surfaces [Davies et al., 1999]. This 

fragmentation-driven dispersive force Pf can be expressed in one-dimensional terms as 
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x
dcPf ∂

∂
−=  (3.6)

where c is a dimensional constant, d is the depth of the moving rock avalanche at 

longitudinal position x [Davies and McSaveney, 2002]. 

Importantly this theoretical approach does not require the initial rock mass to be 

jointed in any way at initial detachment time t = t0, nor does it require the moving rock 

mass to contain and/or entrain any potential “lubricants” en route. Moreover, it 

explicitly accounts for the often observed comminution of rock-avalanche deposits 

with a grain size distributions that have a fractal dimension similar to that recently 

produced by a 3D granular shear model of a lattice solid [Abe and Mair, 2005]. 

Hence, it is one of the few physical-based theories that addresses the important effect 

of variable grain size distributions during motion. The theory of fragmentation also 

challenges the assumptions of homogeneous and constant mechanical properties of 

rock avalanches during flow common to many numerical runout models. 

There is abundant field evidence for fragmentation in rock-avalanche deposits [e.g. 

Davies and McSaveney, 2002; Dunning, 2006, Crosta et al., 2007]. Crosta et al. 

[2007] conducted a particle size analysis of the 1987 Val Pola, Italy, rock-avalanche 

deposit, showing that a fractal (power-law) distribution yielded the best fit to this 

particular deposit. Based on the obtained fractal dimension, they were able to relate 

the energy required for fragmentation during rock avalanching to the initial potential 

energy. They also noted that segregation of particles was negligible apart from 

locations in the bouldery carapace or at the front of the deposit, while demonstrating 

the possibility for various populations of particles. 

Plot of the energy 
required for 
fragmentation, 
computed by different 
approaches, with 
respect to available 
potential energy as a 
function of fractal 
dimension. Hatched 
area represents the 
interval of the most 
frequent values 
computed for the 1987 
Val Pola rock 
avalanche deposit 
[Crosta et al., 2007]. 

 

Granular models The physics of granular flows provide further insight into modelling of rock 

avalanches, although not all features observed in nature can be faithfully reproduced 

in laboratory experiments [Friedmann et al., 2006]. Ward and Day [2006] presented a 
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new modelling approach that involved the motion of independent particles under the 

influence of topographically derived gravitational and centripetal acceleration. They 

used random perturbations along and across particle tracks to simulate the frictional 

dynamics, particle-to-particle interactions, fluctuating basal contacts, and topographic 

roughness. This model was tested for the 1980 Mount St Helens debris avalanche, and 

gave promising preliminary results. The introduction of a random component into this 

granular model, however, does not contribute to a better understanding of the 

governing physical processes, nor does it consider the fractal nature of particle 

fragmentation discussed above. 

Qualitative models Other, empirical, model approaches have remained more qualitative, yet nonetheless 

taking into account detailed field observation of the surficial and internal geometry of 

rock-avalanche deposits. Valuable information can be gained from such studies, 

especially when they document the entrainment of material other than from the rock 

avalanche itself [e.g. Pollet et al., 2005]. 

The same applies for detailed investigations of rock-mass properties in rock-avalanche 

detachment areas, which in some cases may contain critical rock-mass defects or 

antecedent shear [Weidinger et al., 2002; Friedmann et al., 2003]. 

Constraints from 
petrography and 
sedimentology 

One such important field observation concerns the occurrence of micro-shears 

together with so-called frictionite or pseudotachylyte, a glass-like material found in 

thin discontinuous layers along the basal shear planes of very large (V > 109 m3) 

rockslide/rock avalanches, mainly composed of crystalline rocks [Erismann et al., 

1977]. For the case of the famous 2.5 × 109-m3 Köfels rock avalanche, Austria, 

Sørensen and Bauer [2003], estimated the necessary increase in temperature at the 

moving rockslide base 

δpc
hu

2

2

=ΔΘ  (3.7)

where is Θ is temperature; cp is specific heat capacity of the heated rock; and δ is the 

thickness of rock heated in the vicinity of the basal shear surface. Occurrence of such 

material was argued to indicate frictional melting and rock degassing without any 

significant decreases of u during motion. Nevertheless, there are very few documented 

occurrences of landslide-related frictionite, i.e. the one at Köfels, two mega-rockslide 

sites in leucogranites of the High Himalayas [Weidinger et al., 2002; Weidinger and 

Korup, in press]; and below the Arequipa volcanic debris avalanche deposit, Peruvian 

Andes [Legros et al., 2000]. This suggests that energy dissipation during rock-

avalanche motion rarely takes place at the basal shear surface exclusively [Crosta et 

al., 2003]. 
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3.2.3  Simulating the disposition, dynamics, and runout of rock avalanches 

Disposition models of 
rock avalanches 

There are very few physical experiments that take into account any antecedent rock-

mass defects or structural lineaments that may render rock-slopes conducive to 

catastrophic rock avalanching. Bachmann et al. [2004] used a sand-box model to 

investigate the scaled failure behaviour of large rockslides triggered by accelerated 

ground motion, and which were preconditioned by large fracture patterns. They 

argued that the initiation of deep-seated rockslides, which may deteriorate to rock 

avalanches, was defined primarily by the mechanical structure of upper hillslopes and 

pre-existing weathering rather than by the occurrence, which seemed to largely control 

the shape and size of the failure volume. 

Rock-avalanche 
dynamics and runout 

There exists a number of numerical models that were developed to simulate the runout 

of granular flows, and which have been applied to rapid mass movements of the flow 

type. 

The practical application of models of granular flows were also the subject of the 

previously EU-funded project DAMOCLES (“Debrisfall Assessment in Mountain 

Catchments for Local End-Users”; Contract No. EVG1-CT-1999-00007), and Crosta 

et al. [2001; 2003] provide a good overview on available models and underlying 

assumptions. 

McDougall and Hungr [2004] further developed the continuum mechanics process 

model of Hungr [1995] for the analysis of motion of rapid flow slides, debris flows, 

and avalanches across three-dimensional (3D) terrain, based on the physical principles 

of mass and momentum conservation. Importantly, their model takes into account the 

effects of centripetal acceleration on rock-avalanche motion due to curvature of the 

underlying slopes: 

)cos( 2
zz vgh καρσ +=  (3.8)

where σz is bed-normal stress; hz is the bed-normal flow depth; α is the inclination of 

the x-y plane from the vertical; v is depth-averaged flow velocity in the direction of 

motion; and κz is the bed-normal curvature of the flow path in the direction of motion. 

They defined the frictional rheology at the bed by: 
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where τzx and τzy is bed shear stress opposing the direction of motion; vx and vy are the 

components of velocity v in the x- and y-direction, respectively; ru is the ratio of pore 

pressure to total bed-normal stress; and φd is the dynamic basal friction angle. Pirulli 
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[2004] has adapted this model for simulating the runout of three large rock-slope 

failures in the European Alps. 

Crosta et al. [2004] used a similar 3D runout model based on Voellmy rheology 

within a Lagrangian frame of reference to model the travel distance and deposit shape 

of the 1987 Val Pola rock avalanche, Italy, 

Denlinger and Iverson [2004] developed model of granular avalanche-type landslides 

across 3D terrain solely on the basis of continuum mass and momentum conservation, 

and stress generation between moving grains controlled by Coulomb friction. The 

obvious advantage of this model and the one of McDougall and Hungr [2004] is their 

applicability to rock avalanches, snow avalanches, debris flows, and pyroclastic flows 

alike, highlighting their general physical principles and interrelationships. What is 

more, the prediction potential of the model was directly tested and verified by physical 

laboratory experiments involving the avalanche-like movement of dry sand over 3D 

terrain [Iverson et al., 2004]. 

The majority of these models are based on physical laws from fluid dynamics and 

based on conservation of mass or energy. However, Chemenda et al. [2005] note that, 

although numerical modelling appears to be the most powerful simulation tool for 

large landslides at present, physical lab experiments may be more appropriate to 

compensate for difficulties experienced when numerically modelling 3D brittle 

failures and large inelastic strain. 

Based on the same physical principles, Kelfoun and Druitt [2005] presented a model 

for the catastrophic dry volcanic debris avalanche derived from a sector collapse of 

Socompa volcano, Chile, by assuming a constant retarding stress during runout, while 

using the surficial deposit morphology as well as its runout as further constraints for 

calibration.  

Thus it is not surprising that very few models explicitly address the effect of rock-

mass fragmentation and comminution during rock-avalanche motion, especially given 

that many rock avalanches initiated as more or less intact rock blocks. Smith et al. 

[2006] employed such a fragmentation term in the DAN model, and produced a runout 

very similar to that of a medium-sized rock avalanche. 

Gray et al. [2003] provided model expressions of describing the flow of granular 

avalanches around obstacles in their runout, using hydraulic theory, and thus 

contributed to the little studied process interactions of granular avalanches with local 

topography or even structural countermeasures. Other recent approaches such as the 

RASH3D model of Pirulli et al. [2006] have employed the St. Venant’s Equation which 

is used in fluid dynamics. 
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3.3 Interpretation and Discussion of Model Results 

  

In summary, there exists a range of models for describing and explaining the physical 

behaviour of rock avalanches as prime examples of fragmenting granular flows. While 

empirical approaches are useful first-order approximations to encapsulate the 

phenomenon with few readily obtainable parameters, their limitation lies in their lack 

of spatial explicit predictions. 

A range of one- to three-dimensional numerical models overcome this problem, hence 

paving the way for providing spatial information on the expected runout of a rock 

avalanche, given adequately specified initial volume and valley topography. However, 

the extraordinary runout of large rock avalanches remains the most crucial problem 

for numerical simulations. Many of the physically-based numerical runout models are 

readily calibrated for single events, and produce satisfying results for simulating the 

runout. 

Few studies have provided rigorous tests or comparisons of the range of model 

solutions. Sheridan et al. [2005], for example, used the well-documented 

characteristics of small historic debris avalanches on Mount Rainier, Washington, 

USA, to compare and evaluate the sliding-block based FLOW3D model with the 

Titan2D mass-flow model, which is based on solutions to the shallow-water equations 

adapted for granular flows. 

As a general observation, most of these models remain hardly applicable to other sites 

with differing initial and boundary conditions. The recent occurrences of ice/rock 

avalanches with runout >10 km [Shang et al., 2003; Huggel et al., 2005] demonstrate 

that rock avalanches are possibly just elements within a continuum of complex multi-

phase granular flows, the range of which is presently intractable to formulate with the 

given set of algorithms within a single model. Nonetheless, applying the principles of 

mass and momentum conservation and continuum physics allows a much broader 

spectrum of applicability of these models, encompassing a broad range of granular 

flows in general already, and in particular the types of extremely rapid mass 

movements dealt within IRASMOS. 

One of the crucial research gaps thus lies in rigorous tests of the transferability of not 

only numerical runout, but also the remaining three other types of models on rock 

avalanches. 

  

 

3.4 Model transferability 
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The key problem with many of the available models on rock-avalanche dynamics and 

runout is that they work well for the single case they have been calibrated, though fail 

to predict in any satisfying way the characteristics of other rock avalanches. Few 

models that have been derived for a specific site have been successful to adequately 

predict runout of rock avalanches at other sites, while the most comprehensive 

modelling approaches have mainly dealt with a single, usually well-documented, 

event for calibration. 

Even simple empirical approaches to constraining and comparing the 

geomorphometric characteristics of rock avalanches within or across various mountain 

belts subject to differing environmental boundary conditions experience order-of-

magnitude scatter of data even in log-log space [e.g. Abele, 1974; Nicoletti and 

Sorriso-Valvo, 1991; Corominas, 1996; Legros, 2002].  

Other important problem relate to the initiation and termination phases of rock 

avalanches, as there are several cases, where process domains cannot be distinguished 

discretely. There are a number of cases where deep-seated gravitational slope 

deformation, “sackungen” [e.g. Chigira et al., 2003; Ambrosi and Crosta, 2006], or 

rock flow [Cruden and Varnes, 1996] preceded catastrophic rock avalanching. Thus, 

some important initial conditions of rock avalanching, such as their initial volume, 

may be contained in or even dictated by the type and pattern of differential slope 

deformation. 

Numerical modelling of 3D rock-slope stability and ongoing deformation is largely 

based on finite-element or finite-difference codes [e.g. Stead et al., 2006]. There have 

been some modelling efforts of deep-seated gravitational deformation on the basis of a 

visco-plastic constitutive law which allows for effects of strain softening [Forlati et 

al., 2001]. Helmstetter et al. [2004] argued that a slider-block model would further 

provide a physical rationale to the commonly observed and empirically constrained 

inverse velocity law, which serves as one way to predict with considerable reliability 

the catastrophic failure of a rock-slope failure subject to initial and gradually 

accelerating creep movement. Clearly, the process continuum between slow rock-

slope deformation and catastrophic failure requires future research to possibly couple 

models of deformation and runout. 

Likewise, many large landslides, including rock avalanches, may at some stage 

transform into channelized debris flows, e.g. after having entrained a critical amount 

of water along the runout track [e.g. Plafker and Ericksen, 1978; Boultbee et al., 

2006]. This instance requires appropriate model algorithms not only to capture this 

mechanism, but also the critical timing (or, in this case, alluvial bulking volume) of its 

transformation. 
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Chapter 3 
 
SNOW AVALANCHES 
 
 

 3.1 Modelling approach 

Introduction  Since the 1970's, different avalanche forecasting models have been developed and used 
by various snow and avalanche research centres. Statistical methods using discriminant 
analysis and nearest neighbours seem to be the most popular approaches [Bois et al., 
1975; Buser et al., 1987] although they have generally no explicit treatment of the 
physical snow processing. Operational systems based on the nearest neighbours 
methods are presently used by the avalanche forecasters in several countries but their 
results are highly dependant of the available archive fields and often the rare situations 
are badly reconstructed. Their most common limitation comes from the facts that the 
criteria for searching analogues situations use generally meteorological data rather than 
the internal state of the snowpack (stratigraphy and physical parameters of the different 
snow layers). The discriminant analysis method is more difficult to interpret by the 
local forecaster (less "sensible" approach). The discriminating capacity of the used 
function must be well studied for getting the best skill score in a stable way during all 
the utilisation period. Generally speaking, statistical approaches are efficient tools but 
their simplicity needs careful tunings and long calibration series. These methods are 
thus more suited for the forecasting of natural fresh snow avalanche but their results 
are limited in the case of slab avalanches triggered by skiers. As mentioned by Bader 
and Salm [1990] and Schweizer [1993], they cannot identify the presence of weak 
layers which are of prime importance for the release of slab avalanches. Even if an 
information on the vertical structure of the snowpack were available at a given time 
(typically once a week from a snow pit), such models would not have the possibility to 
make continuous and realistic time-evolution of the characteristics of the different 
snow layers. These models use local measurements as a main source of input data and 
thus have difficulties to take into account the variability of the snow pack stability due 
to elevation and slope aspects. 
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 Since the 1970's numerical models have been developed to simulate snow cover 
processes [Anderson, 1976; Colbeck, 1973; Obled and Rossé, 1975; Navarre, 1975]. 
These physically-based models simulate the evolution of the snow cover as a function 
of the weather conditions. They include a representation of the principal phenomena 
affecting the energy and mass balance of the snow pack. More recently, a new 
generation of these one-dimensional models has added more physical processes in the 
snow pack or at the snow atmosphere interface. These include snow metamorphism 
and absorption of solar radiation. These processes can be modelled in various ways. 
SNOTHERM model [Jordan, 1991] calculates crystal growth rate from the 
thermodynamics while CROCUS model [Brun et al., 1989 and 1992] calculates the 
evolution of both crystal size and shape with a possible connection to the international 
snow crystal classification [Colbeck et al., 1990]. 
 
A first attempt at using these numerical snow models for avalanche forecasting was 
made in France in 1988. It was based on a preliminary version of the CROCUS snow 
model [Brun et al., 1989]. This model required manual input of the relevant observed 
or forecasted meteorological variables necessary to calculate the evolution of the snow 
cover at given locations by the forecasters. This requirement limited the number of 
possible simulations to a few locations, which was not enough to calculate the 
evolution of snow cover at various elevations and for different slope aspects. In order 
to be able to run over numerous massifs and locations, it was decided to develop a 
special spatialisation model, SAFRAN, in order to automatically determine at hourly 
time step all the needed meteorological parameters at locations where no observation is 
available. SNOWPACK [Bartelt et al., 2002; Lehning et al., 2002a et b] is another 
successful modelling approach at SLF (Davos). It includes a very sophisticated 
modelling of the different heat and mass transfers between layers so as a detailed 
description of the snow microstructure and its properties. Generally SNOWPACK is 
running in operational mode for SLF at locations where automatic observations are 
available and is coupled to these data. 
 
Another avalanche forecasting method is based on expert systems, a popular approach 
in the 1980's decade. The initial objective of such models was to reproduce expert 
human reasoning in a particular field [Giraud et al., 1986]. Most systems use 
production rules organised in bases; some examples of these rules-bases can be found 
in Lafeuille et al. [1987]. Recently, hybrid expert systems have been developed by 
coupling expert systems with statistical models [Bolognesi et al., 1994, Schweizer and 
Föhn, 1994a, Weir and Mc Clung, 1994] or with neural networks [Schweizer et al., 
1994b].  
 

 3.2 Numerical Simulation Model 

The 
SAFRAN/CROCUS/ME
PRA chain (SCM) 
 

Progress in snow research and more powerful computer facilities have made it possible 
to simulate the main features of the snowpack and the corresponding avalanche 
activity. 
 
Based on three individual models (SAFRAN, CROCUS, MEPRA) CEN has developed 
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an automatic system, hereafter called SCM or "chain" [Durand et al. 1999]. The only 
inputs of this chain are daily meteorological observations, outputs of numerical 
meteorological models and precipitation climatologies. No snowpack information is 
entered into the system. The main assumption of this system lies in the spatial 
homogeneity of the massifs involved (especially for precipitation) which implies a 
corresponding working scale and excludes representing all the local effects such as 
those due to accumulation and erosion by the wind. As outputs, the chain simulates an 
average snow mantle, described by its stratigraphy, on different elevations and aspects 
of 23 Alpine massifs, 15 over the Pyrenees (surface area of about 500 km2) and 2 in 
Corsica and the corresponding avalanche risks. Since the winter of 1992-93, this set of 
models has been used operationally by French Alps avalanche forecasters and since 
1995-96 in the Pyrenees. At the same time it has been developed improved and 
validated by both contact with the different users and by comparison with different sets 
of human observations. 
 
The SCM chain starts at the first of August without any snow cover and runs all year 
long without any re-initialization. The snowcover is so only due to the hourly 
meteorological forcing provided by Safran for its creation, evolution and vanishing.  
The SCM chain is also at the root of different research and applicative works in 
mountainous hydrology [Braun et al., 1994], clayey landslides [Durand et al., 2006], or 
on the sensibility of the snow cover to a climate change [Martin et al., 1994]. All these 
studies have contributed greatly to its development. 
 

SAFRAN Before simulating snow cover, it is first necessary to calculate these prevailing 
meteorological conditions for the region considered with its different elevations and 
slope aspects. As we do not get observed data for each elevation or each aspect, we 
therefore developed a meteorological analysis model, called SAFRAN [Durand et al., 
1993], to compute the relevant meteorological variables from all the meteorological 
information available in and around the region considered. The outputs of SAFRAN 
are then used by the snow model CROCUS to calculate the corresponding evolution of 
the snowpack. Due to the density of the "nivo-meteo" observation network in the 
French Alps and Pyrenees and also to the spatial definition of the meteorological 
forecast models, we decided to consider regions of about 500 km2, called massifs, and 
to run the models on elevation from 600 to 3600 m a.s.l separated by 300 m steps, on 
the aspects N, E, SE, S, SW and W with slope angles of 20° and 40°. Over these areas 
SAFRAN performs a spatialization (we can also say "analysis") of the observed 
weather data available (automatic network, snow weather network, atmospheric upper-
level sounding) over the considered elevations and aspect of the different massifs. 
Automatically (one says "objective" as opposed to "manual"), SAFRAN combines the 
observed information with preliminary estimations. These fields (generally called 
"guesses") are computed from the results of the "ARPEGE" French meteorological 
model (Courtier et al., 1991) or from the ECMWF analyses through appropriate 
downscaling operators. The interpolation method used ("optimal interpolation", OI) 
and the operators used have been described in detail in Durand et al. [1993]. As 
outputs, SAFRAN provides the main relevant atmospheric parameters affecting 
snowpack evolution: air temperature, wind speed, air humidity, cloud cover, snow and 
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rain precipitation, long wave radiation, direct and scattered solar radiation. The 
analysis provides, all through the year, series of relevant meteorological parameters 
over areas where no human or automatic observation is available. 
 
Routine tests are daily performed by comparing the SAFRAN analyses with 
meteorological observations collected at two well instrumented automatic sites located 
respectively at 1320 m a.s.l (Col de Porte, Chartreuse massif) and 2700 m a.s.l (Col du 
Lac Blanc, Gdes-Rousses massif). At both sites, air temperature, air humidity, wind 
velocity, incoming long wave and short wave radiation and snow or rain precipitation 
were measured. Naturally, these data are not used by SAFRAN to perform its analyses 
and thus were actually designed to qualify SAFRAN results. 
 
A forecast version of SAFRAN is also used by Durand et al. [1998]. As no observation 
can be used, the provided outputs are mainly based on the quality of the previously 
mentioned downscaling operators. About the forecasted precipitation fields, the 
analysis of a past date through a nearest neighbours research method is used together 
with the daily downscaled field. For an example of results see Figure 25 and Figure 26. 

Figure 25 Example of the 
results obtained on four 
aspect of the Mont-Blanc 

massif on 17th September 
2001 at 12 UTC in analysis 
mode. The surface humidity 
is drawn on the left as the 
yellow line (top left scale in 
%), with the arrows 
indicating the wind speed 
(bottom left scale in m/s). In 
the center the temperature is 
in full blue line (bottom 
scale in °C) and cloudiness 
in dotted line (top scale in 
[0,1]). The precipitation is to 
the right of the central axis 
(top right scale, grey squares 
means rain ). All the 
radiation values are plotted 
on the right (direct=”  
“sun; scattered=mixed “ ” 
dotted/black sun; 
atmospheric=mixed “ ” 
dotted/white circle) with 
their scales on top and 

bottom of this side in W/m2 ) 
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Figure 26 Example  of the 1 
day range operational 
forecast mode of SAFRAN 
concerning the 24hr 
precipitation at 1800m a.s.l 
over 24 alpine massif on flat 
aspect for the 11th January 
1999. The left picture shows 
the verification analysis 
(performed in real time), the 
middle picture exhibits the 
final operational 24hr 
precipitation forecast (issued 
the 10th January) as seen by 
the forecaster. This forecast 
is based on the result of the 
meteorological model 
ARPEGE ( right side top) 
and a nearest neighbours 
research (here the 14th 
March 1996,  right side 
bottom).  

 

CROCUS CROCUS [Brun et al., 1989 and 1992] is a numerical snow model calculating the 
energy and mass evolution of snow cover. It uses the meteorological data calculated by 
the SAFRAN model and simulates the evolution of temperature, density, liquid water 
content and layering of the snow pack. The originality of this snow model comes from 
its ability to simulate snow metamorphism in near surface and buried layers and to 
represent each snow type under a comprehensible form. Snow albedo and extinction 
coefficient depend on the wavelength and the surface snow type, size and age. The 
model estimates the internal state of the snow pack: temperature, liquid water content, 
density and snow types. For calculating the different variables, the snow pack is 
divided into layers (between 1 and 50) which are parallel to the surface slope. The 
following phenomena are taken into account by the model: the energy exchanges inside 
the snow pack and at the snow-soil and snow-atmosphere interfaces, the absorption of 
solar radiation with depth, the phase changes between solid and liquid water, the water 
transmission through the snow pack, the mass exchanges due to precipitation and water 
runoff, the compaction and the metamorphism of the snow. Every year, the model 
considers that each simulated slope is snow free on August the first. The simulated 
snow pack evolves day by day from the first snow fall until the complete melting 
without re-initialisation.  
 
Recent further developments of this model include the initial determination of the 
parameters describing fresh snow crystal (dendricity and sphericity) depending on the 
SAFRAN wind speed, in order to begin to take into account the destructive effect of 
the wind during a snowfall. The model results have been compared (Figure 27 and Figure 

28) with observations at various scales: locally in the PILPS 2d intercomparison phase 
[Schlosser and others, 2000] and at Col de Porte [Brun and others, 1992], regionally in 
the French Alps [Martin and others, 1994] and for the entire northern hemisphere 



 69

[Brun and others, 1997; Etchevers and others, 1999].  
 
Crocus is an important research tool which is used together with other surface models 
for hydrology, environment, snow on roads. It also allows different studies on the 
impact on the snowpack and related risks of different climate change scenario.  
In the framework of avalanche hazard forecasting, Crocus has been used operationally 
since 1992 (JO-Albertville) in its earlier version and this use is still continuing. 
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Figure 27 Comparisons 
between observed and 
numerically simulated 
snowpack structures during 
the 1996-97 winter at the ski 
resort of "La Plagne" 
(Vanoise massif) on the snow 
pit location of "Montchavin" 
(2100m, NE). The different 
panels illustrate the weekly 
observed snow pits and the 
corresponding computed 
profile. The vertical axis (in 
cm) represents the snow 
depth and the blue and green 
curves respectively 
temperature and density 
profiles (with two different 
scales on the horizontal axis 
in °C and %V). On the right 
side of each profile , the 
stratigraphic profile is 
illustrated by the color code 
presented in next figure while 
vertical hachures show 
crusts. 
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Figure 28 Color code used 
for the snow crystals 
representation. This figure 
shows the connection with 
the international 
classification (Colbeck et al., 
1990). Briefly, the fresh snow 
is represented by green 
colors, faceted crystals by a 
blue coloration and rounded 
crystals by red. As explained 
in Brun et al. (1992), fresh 
snow is described in terms of 
dendricity and sphericity and 
the more transformed 
crystals are defined by their 
size and sphericity. 

 

 
 

MEPRA MEPRA [Giraud, 1992] is an expert system for avalanche risk forecasting. This system 
deduces from the CROCUS snow pack simulations additional mechanical 
characteristics (shear strength, ram resistance) through statistical relationships. These 
relations have been calculated from a lot of in-situ snow measurement campaigns . 
After classifying the generated ram and stratigraphic profile, this model predicts the 
"natural" mechanical stability of the snow pack (i.e. the risk of spontaneous avalanches 
without human overloading). In a first step, the classical stability index is calculated for 
each layer of each simulated snow pack [Föhn, 1987]: 
 

stressshearsnow
strengthshearCS

n
==τ  

 
Depending on the value and the temporal evolution of this index, a "natural" avalanche 
risk of spontaneous avalanches is classified into one of the 6 levels (very low, low, 
moderate increasing, moderate decreasing, high and very high) completed with a 
classification of different avalanche types (fresh dry, fresh wet, fresh mixed, surface 
slab, surface wet, bottom wet). In case of wet snow, the calculated index is adjusted by 
a diagnostic based on the increasing depth of the wetted layer. 
 
In a second step, the expert system interprets the snow pack structure to detect the risk 
of release of a dry slab avalanche by a skier. It is considered that slab avalanches start 
with a shear fracture or a collapse in a weak layer or interface [Schweizer, 1993, 
Jamieson and Johnston, 1993]. To achieve that, it looks first for a snow slab in the 
superficial layers of the snow pack according to different criteria as the density and the 
grain size and types. After detecting a slab, it looks for the presence of a weak layer 
beneath the slab by calculating a stability index integrating human triggering, grain size 
and shear strength [Föhn, 1987, Giraud, 1995], based on a simple Rankine equilibrium:
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S C shear strength
snow shear stress skier shear stressn s
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Depending on the S' index value, an "accidental" avalanche risk is then deduced on a 4 
levels scale for each point (very low, low, moderate, high). Some examples, so as 
MEPRA risks evaluation can be seen in the following figures. 
 
These avalanche diagnostics have the same spatial representativity as their input data 
(i.e. the massif) and do not take into account the accumulation or erosion of snow by 
the wind. MEPRA does not calculate a risk level integrated spatially on the whole 
massif. It provides the forecaster with "natural" or "accidental" risks at the different 
elevations and aspects. It helps him in pointing out what kind of slopes are more likely 
for the natural or accidental release of avalanche. 
 
For a comparison between observed and calculated snowpack see Figure 29 and Figure 

30. In Figure 31 and Figure 32 there are a symbolic representation of MEPRA natural 
avalanche types and risks. 
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Figure 29 Observed 
snowpack profile during the 
avalanche case of "Roc du 
Fer" on February 16th, 1996 
showing the profiles of 
temperature (°C) and ram 
hardness (kgf) at different 
depths "H". According to 
Colbeck et al. (1990) the 
columns F1 and F2 indicate 
the two main grain shapes. 
The density "Dens" of each 
layer is in kg/m3, and the 
grain size is described by its 
diameter "Diam" in tenth of 
mm. The column "Wet" at 1 
indicates a dry profile 
whereas the different manual 
hardness "Hard" is expressed 
on a 5 level scale. A manual 
estimation of the shear 
strength (in kg/dm2) is given 
in the column "Shear". 

 
Figure 30 Simulated SCM 
snowpack profile at a 
computing location 
corresponding to the site of 
the avalanche case of "Roc 
du Fer" on February 16th, 
1996 (Vanoise massif, East, 
2100m, 40 deg. Slope) and 
showing the same two 
profiles as in the previous 
figure. Nevertheless the two 
main grain shapes are 
presented in a column named 
"grain", the diameter of the 
grain size (column "diam") is 
in mm and the density "dens" 
in 103 kg/m3. The "S" stability 
index is printed in the last 
column. 
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Figure 31 Symbolic 
representation (elevation and 
aspects) of MEPRA natural 
avalanche risks and types on 
the "Gdes-Rousses" massif 
for one slope (40 deg) in a 
typical winter situation 
(1995/01/23 at 12 UTC) as 
seen on the user screen. 

 

 
Figure 32 Symbolic 
representation (elevation and 
aspects) of MEPRA natural 
avalanche risks and types on 
the "Belledonne" massif for 
one slope (40 deg) in a 
typical spring situation 
(1994/03/09 at 12 UTC) as 
seen on the user screen. 

 

SNOWPACK This numerical snowpack model has been developed and is routinely used by SLF. It is 
a one-dimensional physical model which is operationally employed on a day-to-day 
basis by avalanche warners to predict snowpack settlement, layering, surface energy 
exchange and mass balance. Meteorological data obtained from automatic weather 
stations positioned near avalanche starting zones is used as model input. The one-
dimensional equations governing the heat transfer, water transport, vapour diffusion 
and mechanical deformation of a phase changing snowpack are used. New snow, wind 
drift and snow ablation are treated as special mass boundary conditions. Snow is 
modelled as a three-component (ice, water, air) porous material capable of undergoing 
large irreversible viscous deformations. Phase changes between the components are 
simulated. Snow layers are defined not only in terms of height and density, but also 
microstructure. That is, by the size, shape and bonding of the grains composing the ice 
lattice. The governing differential equations are solved using a fully implicit 
Lagrangian Gauss–Seidel finite-element method. The overall mass balance evaluation 
shows that the model accurately predicts the build-up and ablation of the seasonal 
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alpine snowcover. 
 
The snow cover model SNOWPACK includes a detailed model of snow microstructure 
and metamorphism. In SNOWPACK, the complex texture of snow is described using 
the four primary microstructure parameters: grain size, bond size, dendricity and 
sphericity. For each parameter, rate equations are developed that predict the 
development in time as a function of the environmental conditions (Figure 33 and Figure 

34). The rate equations are based on theoretical considerations such as mixture theory 
and on empirical relations. With a classification scheme, the conventional snow grain 
types are predicted on the basis of those parameters. The approach to link the bulk 
constitutive properties, viscosity and thermal conductivity to microstructure parameters 
is novel to the field of snow cover modeling and is based on existing knowledge on 
microstructure-based viscosity and thermal conductivity. This includes the strong 
coupling between physical processes in snow: The bond size, which changes not only 
through metamorphic processes but also through the process of pressure sintering 
(included in our viscosity formulation), is at the same time the single most important 
parameter for snow viscosity and thermal conductivity. Laboratory results are used to 
illustrate the performance of all these formulations.  
 
The development of the seasonal snowcover is entirely driven by atmospheric forcing. 
SNOWPACK uses measured snow depths to determine snow precipitation rates via the 
calculated settling rates. This requires a rigid data control algorithm. A new statistical 
model is used to estimate fresh snow density as a function of the measured atmospheric 
conditions. A statistical model is also derived for the snow albedo, which is necessary 
to determine the absorbed radiation. The surface sensible and latent heat flux 
parameterizations are derived from Monin–Obukhov similarity and include a 
formulation for wind pumping. The formulations will also adapt to drifting snow 
conditions. This new suggestion is consistent with the observation of different 
roughness lengths for scalars and momentum over snow. An accurate formulation, 
especially for the latent heat exchange, is crucial because latent heat exchange 
determines the formation of surface hoar, a very important weak layer. The effect of 
wind pumping on the thermal conductivity in the uppermost snow layers are also taken 
into account. The surface energy and mass exchange formulations are evaluated by 
looking at the formation of the important thin layers surface hoar and melt–freeze 
crusts in SNOWPACK. Those layers are well simulated. In addition, the complete 
snow profile development is modeled successfully for the parameters grain type, 
temperature, density, grain size and liquid water content. An overall score between 0 
and 1isused to describe the profile agreement with observations and an average score 
of over 0.8 is reached. 
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Figure 33Time evolution 
(over winter 98-99 on x axis) 
of the snow stratigraphical 
profile in a reference station 
with total sow depth on y 
axis. Grain types area 
referenced with the left-hand 
colour code.  

 

 An interesting development in SNOWPACK concerns blowing snow and its ability to 
produce an automatic snow drift index. 
 

Figure 34 Time evolution of 
SNOWPACK snow drift 
index. 

 

 

 3.3 Empirical modeling 

 Since the 1970's, different avalanche forecasting models have been developed and used 
by various snow and avalanche research centres. Statistical methods using discriminant 
analysis and nearest neighbours seem to be the most popular approaches [Bois et al., 
1975; Buser et al., 1987] although they have generally no explicit treatment of the 
physical snow processing. Operational systems based on the nearest neighbours 
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methods are presently used by the avalanche forecasters in several countries but their 
results are highly dependant of the available archive fields and often the rare situations 
are badly reconstructed. Their most common limitation comes from the facts that the 
criteria for searching analogues situations use generally meteorological data rather than 
the internal state of the snowpack (stratigraphy and physical parameters of the different 
snow layers). 
 
The discriminant analysis method is more difficult to interpret by the local forecaster 
(less "sensible" approach). The discriminating capacity of the used function must be 
well studied for getting the best skill score in a stable way during all the utilisation 
period. Generally speaking, statistical approaches are efficient tools but their simplicity 
needs careful tunings and long calibration series. These methods are thus more suited 
for the forecasting of natural fresh snow avalanche but their results are limited in the 
case of slab avalanches triggered by skiers. As mentioned by Bader and Salm [1990] 
and Schweizer [1993], they cannot identify the presence of weak layers which are of 
prime importance for the release of slab avalanches. Even if an information on the 
vertical structure of the snowpack were available at a given time (typically once a week 
from a snow pit), such models would not have the possibility to make continuous and 
realistic time-evolution of the characteristics of the different snow layers. These 
models use local measurements as a main source of input data and thus have 
difficulties to take into account the variability of the snow pack stability due to 
elevation and slope aspects. 
 

NXD/NXD2000/NXD-
REG/NXD-VG (from 
Gassner et al., 2002) 

 

NXD is numerical tool for local avalanche forecasting by the method of the nearest 
neighbors (past situations which are close of the current situation) initiated at SLF- 
Davos [Büser et al., 1987]. NXD-Lawinen contains a weather, snow and avalanche 
database. The program searches the database in order to find meteorologically similar 
days. The avalanche events of those days help estimate the current avalanche danger. 
The program gets better with each use because the search data is also inputted into the 
database.  
 
The set of variables used is primarily the one Obled and Good [1980] selected for their 
own test at the snow sport area Parsenn, Davos, Switzerland, because they are crucially 
connected with avalanche occurrence. However, not all of these variables are measured 
at every site. New variables are so used as decribed by Obled and Good [1980]. 
Variables from previous days (so-called “predays”) are used to calculate “elaborate” 
variables. They constitute an attempt to introduce physical knowledge about the 
assumed underlying phenomena and the experience of the forecaster. Changing from 
raw data to evaluated variables should involve a substantial increase of information.  
Weather and avalanche data are displayed for the nearest-neighbors, helping the human 
forecaster to anticipate the avalanche problems they may encounter that day.  This 
provides an excellent avalanche forecasting tool for ski areas or highway avalanche 
forecasting operations. 
 
New versions of this software have been developed [Gassner et al., 2002]. They are 
always based on the same method, but they are targeted to different scales. NXD2000 
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(Figure 35) is used to forecast avalanches on a local scale. It is operated by avalanche 
forecasters responsible for snow safety at snow sport areas, villages or cross country 
roads. The area covered ranges from 10 km2 up to 100 km2 depending on the 
climatological homogeneity. It provides the forecaster with ten most similar days to a 
given situation. The observed avalanches of these days are an indication of the actual 
avalanche danger 

Figure 35 Representation of 
the nearest neighbors in 
NXD2000. On the left part 
the ten nearest neighbors 
with some of their previous 
days are shown, on the right 
top their variables and on the 
right bottom the aspect 
altitude diagram of the 
observed avalanches 

 

 NXD-REG is used operationally by the Swiss avalanche warning service for regional 
avalanche forecasting (Figure 36). The Nearest Neighbour approach is applied to the 
data sets of 60 observer stations. The results of each station are then compiled into a 
map of current and future avalanche hazard. Evaluation of the model by crossvalidation 
has shown that the model can reproduce the official SLF avalanche forecasts in about 
52% of the days. 
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Figure 36 Result of NXD-
REG for 19 February 2000 

 
 Because of the success of nearest neighbour models in local avalanche forecasting, the 

NXD model has also been adapted for regional avalanche forecasting and called NXD-
VG. Swiss observational data are used operationally. Two elaborated parameters were 
added: the 3daysum of new snow and a 1day difference of air temperature. No further 
transformations are used. Model output is the estimated hazard level according to the 
European avalanche hazard scale. The hazard level is calculated by averaging results 
from the 10 nearest neighbours and applying decision boundaries. The distance is 
calculated using a Euclidean weighted distance metric. The weights have been 
estimated by the SLF avalanche warning service. The result of NXD-VG is given in 
table-form for each station: meteorologic and snow parameters, date of the 10 nearest 
neighbours, result of the distance calculation and the original avalanche bulletins are 
presented to the avalanche forecaster. 
Globally, the main problems that restrict the use of the nearest neighbour method are :  

- -Missing observations: For example, if there are no measurements on Sunday, 
no nearest neighbour search is possible until Wednesday, when fresh snow 
accumulated during the three pre-days is used as an elaborate variable. 

- Missing or imprecise avalanche observations 

- Sharp changes of variables within time period of measurement 

- Homogeneity of data and observations: Changes in the location or the method 
of weather and snow measurements might interrupt the time series or lead to 
data inconsistencies to which the model is sensitive.  

- Definition of an avalanche day: One of the main questions is: What makes an 
avalanche day? 

- Avalanche control work performed on the previous days: During snowfall 
periods the avalanche danger increases with the amount of fresh snow. 
Launching avalanches reduces the danger that cross country roads or snow 
sport areas can be open. 
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Nearest neighbour 
method applied in 
Norway (from NGI 
report) 

 

The forecasting method of nearest neighbour (Figure 37) was first introduced in 
Switzerland by Buser [1983]. In Norway, NGI started developing a similar system 
based on standard meteorological data from weather stations operated by the 
Norwegian Meteorological Institute. The observations are taken three times per day, 
07, 13 and 19 local time, and the parameters of interest are temperature, wind speed, 
wind direction, snow depth, precipitation the last 24 hours, 72 hours and 120 hours. 
There are not performed radiation measurements on standard observation stations, the 
cloud cover is observed manually. Recording of avalanches hitting roads started in the 
middle of the seventies, and in some districts the records are quite good. In short, the 
nearest neighbour system can be expressed wit the following equation: 
 

Difference ΔJ2 = Σ ki ( xi - xiJ )2 
 

With used variables: temperature, precipitation one day, precipitation three days, 
precipitation five days, wind direction, wind speed, snow depth. 
This might be illustrated by the sketch below where R is the distance between the 
actual and former observation: 
 

Figure 37 Graphical 
presentation of the nearest 
neighbour method 

Graphical presentation of the nearest neighbour method 
 Development of the system started in 1989, and as a tool for calculation, Paradox 

database engine was used. This work was sponsored by the Road department, and data 
from the NGI research station at Strynefjell was used as test dataset. Thereafter, a 
dataset for the Møre district of Western Norway used the system operative with manual 
observations of the meteorological parameters. However, the manual input of data into 
the system did not work, when the avalanche hazard was low, the interest for the model 
was low, and when the avalanche hazard was high, the maintenance crew were busy 
with removing snow. Therefore it seemed necessary to install automatic weather 
observation equipments. In addition, the development of new operating systems on the 
PCs, forced it necessary to reprogram the system. The program is now written in 
Visual basic using Microsoft Access for the database.  
 

Precipitation Actual day 

Days with 
known weather 
and avalanches 

conditions 

Temperature 

Wind R = distance between days regarding 
the weather conditions 
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In addition to Møre and Strynefjell, the system was introduced in Odda district in 
Southwestern Norway, later also in Hyen between Odda and Møre. For the winter 
season, the system is used in the Tromsø district in Northern Norway. The areas where 
the system is in use, are presented on the Figure 38. 
 

Figure 38 Map showing the 
location of nearest neighbour 
application sites 

 
 A professional programming company working for the Public Roads has worked with 

the interface between the user and the program. The program is now easy and logistic 
to use, and the data for avalanches are found on the main server for the Public Roads 
(Figure 39). The weather data is mostly available via FTP-servers on Internet or from 
local weather stations close to Public Road offices. There are different prints from the 
calculations, the best hits are printed first and you might have as many hits as 
necessary. Below is a screen shot giving data and dates for the best hits. 
 
There are possibilities to change the weighting factors for the different parameters 
according to the snow situation. Usually one set of weighting factors are used for cold 
days with subzero conditions while an other set is used when there is a melting 
situation in the release area for the avalanche. 
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Figure 39 Screen shot from 
the software implementing 
the nearest neighbour method 

 

Nearest neighbour 
method applied in 
France: ASTRAL/ANIS 
 

Astral [Guyomarc’h et al., 1994, Mérindol et al., 2002] is a tool developed in order to 
help the avalanche forecaster at a local scale in a safety service of a ski-resort. In 
Astral, the selection is only made among the daily observed parameters. The daily 
observation comes mainly from the snow weather network made at 8h and 13h local 
time. In particular, daily information from snow-pits are not available. When the raw 
data are chosen, they are very often correlated ; it is more efficient to avoid variables 
which are too much correlated each  other. Thus, the principal components analysis 
(PCA) is used to calculate linear independent variables and to minimize the lost of 
information in term of cumulated variance. In this new space, the principal components 
vectors space, each day is represented by a point with its new coordinates.  
 
The used raw observed variables are: 

− air temperature at 8h and 13h local time,   
− snow temperature at the same times,   
− daily water equivalent of the precipitations,   
− daily recent snow amount,   
− depth of snow mantle,   
− sum on 3 days of the temperatures above 0°C threshold at 13h,   
− sum of the water equivalent on two and three days,   
− sum of the fresh snow on two and three days,   
− penetration depth at 8h,   

− wind velocity at 8h and 13h,  
− avalanche code at 13h (D)  and 8h (D+1).     

Fifteen variables are so used for the characterization of the day and two (the avalanche 
code) as illustration parameters.  
 
In ASTRAL, 10 principal components are retained from the 15 raw variables, which 
explains 95% of the cumulative variance. With about 600 days, the percentage 
explained by each principal component is stable as seen in Figure 40. So for any new set 
up in a safety service, it is recommend to have a minimum of 4 winter seasons to avoid 
statistical instability.  
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Figure 40 Evolution of the 
variance in ASTRAL with the 
number of available 

 
 All the past winter-days are projected in the PCA space and the principal component 

are calculated. In the PCA vector space, an Euclidean distance is used as a criteria of 
proximity and also the correlation coefficient. A geometric explanation of this second 
criterion is the cosine angle between the two vectors. This criterion is very interesting 
when a day is far away from the density centre of all days. The final result is the 
description of the ten neighbours of the selected day.  
For example see Figure 41 and Figure 42. 
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Figure 41 Astral results 
screen in Geliniv 
environment. 

 
Figure 42 ASTRAL Raw 
variables for analysis day 
and the first analogous day  

 

 
 A forecasting possibility exists implicitly for the days after in inserting forecasted 

“observed” raw data in order to simulate other days with these “imaginary” data. This 
function is very appreciated by the local forecaster. 

In order to improve the ASTRAL application, an additional information on the internal 
structure of the snowpack and on its spatial variability has been added in the 
framework of the ANIS application. But, as no daily snow-pits are routinely daily 
available, snow profiles and different other information issued from the SCM chain at 
different elevations and aspects are used. This application is presently in test at the La 
Plagne ski resort with improved results compared to the prior version.  
 

Threshold values used 
in Norway (from NGI 
report) 

 

A standard method to give avalanche hazard evaluation can be visualized with a matrix 
with the hazard scale versus the precipitation for a certain period, most commonly used 
is three day precipitation. In addition, a weighing due to wind in the period is 
performed [de Quervain, 1972] as shown on the Figure 43. A practical example from an 
avalanche path at Framruste, Skjåk, is presented in the next figure  
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Figure 43 Avalanche hazard 
according to wind and three 
days precipitation 

 

Wind(m/s) 
 
Precipitation 3 
last days(mm) 

 
<6 

 
6 - 11 

  
11 - 16 

 
17 – 21 

 
>21 

0 – 10 1 2 3 4 5 
10 – 30 2 3 4 5 5 
30 – 60 3 4 5 5 5 
60 – 80 4 5 5 5 5 

>80 5 5 5 5 5  

 In 1986, NGI presented a probabilistic approach in the avalanche hazard warning 
[Bakkehøi, 1987] where for a certain avalanche path, the accumulated precipitation 
before a release were sorted and plotted on cumulative probability distribution paper, 
see Figure 44. 
 

Figure 44 Cumulative 
probability distribution of 
three day precipitation at 
Raffelsteinfonn causing 
avalanche occurrence 

 
 The avalanches used in the investigation, were dry snow avalanches released in 

situations accompanied by wind in the release zone. The different amounts of 
precipitation ahead the release are therefore mostly functions of snow fall intensity, 
different wind speed and the snow stratigraphy in the release area. There are achieved 
different probabilistic curves for different avalanche paths in the same region, this is 
due to different steepness in the starting zone and different aspects which give another 
building of the snow pack. Curves from five different avalanche tracks are presented in 
the Figure 45 and the avalanche profiles are presented in Figure 46 afterwards. The gentle 
slope Lifonn needs more precipitation before it starts sliding than the steeper ones, a 
20% probability of release for the Lifonn avalanche needs 47 mm of precipitation 
while for the same probability Raffelsteinfonn avalanche which is much steeper in the 
release area, only needs 27 mm of precipitation. This method of avalanche hazard 
warning is used in the warning system for highway 15 passing Strynefjell. 
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Figure 45 Distribution of 
curves for five avalanche 
paths 

 
Figure 46 Terrain profiles 
for the five investigated 
avalanche paths in 
Grasdalen, Stryn 

 
 Another important factor for avalanche release is the precipitation intensity in 

combination with wind drift. The snow layers are stabilizing with a certain factor 
during the snow fall, and if the precipitation intensity is below certain values, it might 
snow for days without avalanche release. If, on the other hand, the snow intensity is 
high, the avalanche might be triggered with only a little amount of new snow. NGI 
developed a precipitation gauge in 1985 based on vibrating strain gauges, the Geonor 
precipitation gauge which is weighing the temperature. Using this gauge, it is possible 
to have a continuous recording of the precipitation, and this is a good tool in evaluating 
the avalanche hazard. An example of records is presented in the Figure 47 where it was 
released an avalanche the 1997-03-02 between 01:50 and 02:50 where the snow fall 
intensity was up to 3.7 mm (as melted water) per hour. 
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Figure 47 Weather 
observations from Grasdalen, 
Strynefjell 1. and 2. of March 
1997 
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