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Abstract 

Debris flows in the Venezuelan Andes are common geomorphologic processes 

that reflect the sediment supply capacity of this regional mountain system. In this 

study a regional model for potential debris flows on soil and vegetation-covered 

hillslopes, in watershed domains is presented. The method used in this 

investigation is a combination of remote sensing techniques, morphometric and 

hydrologic parameters. The study area is the Upper Chama River Watershed, 

North-western Venezuela. The input data is an ASTER scene and SRTM3-DEM. 

The main focus is the modelling of source, runout and deposition areas for 

potential debris flows, as a function of topography and sediment dynamics. This 

goal is reached by implementing the Distributed Melton´s Ruggedness Number 

(DMRN) and the Modified Single Flow Model (MSFM), develop by Huggel et al. 

2003. Complementary, a level I land cover classification is carried out. It aims to 

investigate the relationship between vegetation, high DMRN and the frequency of 

occurrence of debris flows in study area.  
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Introduction 

Debris flows are the most common mass movement type in the Venezuelan Andes 

(Lafaille, 2005). They often occur in forested areas in watershed domains, and are 

usually associated with the seasonal variation of precipitation patterns in this region 

(Ferrer, 1993; Lafaille, 2005). They reflect the sediment supply capacity of this 

regional mountain system and are mainly triggered by precipitation, earthquakes or 

human-induced land cover changes (Smith, 2004; Harvey et al., 2005) 

In spite of their seasonal frequency, and the hazard that these geomorphologic 

processes pose for human settlements along the Upper Chama River Basin, an 

assessment of the potential hazard of these natural phenomena on a regional scale, 

has not yet been proposed. Furthermore, the presumable contribution of debris flows 

to the overall sediment dynamics of the regional river system, and their influence on 

the torrential behaviour of the Chama River and its tributaries, is poorly understood. 

The occurrence of debris flows in the watershed domains is mainly determined by the 

availability of water on the vegetated hillsides along river channels. Water can be 

found in the form of runoff or bounded to the soils in the form of soil moisture. Water 

pore pressure and perched water table variations are mainly caused by infiltration of 

precipitation. Infiltration causes an increase of pore water pressure and a rise of the 

perched water table on hillsides, thus leading to instability of fail-prone slopes (Nash, 

1987).  

The main objective of this thesis is to model potential debris flows on soil and 

vegetation-covered hillslopes along the Upper Chama River Basin and its tributaries. 

To reach this goal, a combination of remote sensing techniques and a set of 

morphometric and hydrological parameters are applied. Potential debris flow areas 

are located using the distributed Melton´s Ruggedness Number, an indicator of the 

sediment dynamic of the entire watershed. Path and deposition zones are modelled in 

a GIS environment through the implementation of a Modified Single Flow Model 

(MSFM) in Arc info/Workstation. In addition, a supervised classification over the 
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entire basin, using PCI Geomatica is performed. With the application of an 

interdisciplinary approach as the one proposed in this paper, it is expected to 

determine the hazard probability for urban settlements located in debris flow-prone 

areas along the Upper Chama River Basin. In addition the presumably relationship 

between land cover types, the frequency of debris flow events and high Melton´s 

Ruggedness Number values in the study area will be investigated.  

1.1 Central problem and objectives 

The Venezuelan Andes are a bifurcation of the Andes mountain system running north 

to south along the western coast of the South American subcontinent. They are 

located in the northwestern part of the country, and present a very steep mountainous 

terrain, where geomorphologic events triggered by precipitation are frequent (Lafaille 

and Ferrer, 2005; Gupta, 1987) (see Fig. 1). 

 

Figure 1: Shaded relief map of Venezuela  
(LANIC, 2006). 
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Mass movements in rugged terrain are regarded as natural events that indicate the 

constant changes of the earth surface as a result of regional and local forming 

processes (Etzelmüller and Sulebak, 2000).  

According to Charvériat (2000), weather-related phenomena e.g. flood, 

hyperconcentrated flows and debris flows, were the most important triggers of 

disasters in Latin America and the Caribbean (LAC), between 1970 and 1990.  

In the Upper Chama River Basin, debris flow events have also taken place in the past. 

Intensive precipitation over a short period of time at the end of the second rainy 

season of the year (Oct-Nov), has been identified as the main trigger of debris flows 

in this region (Ferrer and Lafaille, 2005; Lafaille and Ferrer, 2005) (see Table 1). 

 

Type of Event  Date of occurrence Number of fatalities 

Montalbán debris flow  Oct. 1947 49 fatalities 

El Balcón landslide and debris flow Sept. 1998 No fatalities 

Las Calaveras Debris flow Nov. 2006 4 Fatalities 

Table 1: Debris flow events occurred in the Upper Chama River Basin between 
1947 and 2006 (Lafaille, 2005; Ferrer and Lafaille, 2005). 

 

In spite of the presumed relationship between seasonal precipitations, wet soil 

conditions and debris flows occurrence, little has been done to understand how this 

combination of hydrological and lithologic factors influences the frequency of debris 

flows in this part of the country. Furthermore, regional studies considering the hazard 

that these natural processes represent for the population living on alluvial fans and on 

floodplains along the Upper Chama River Basin are not yet proposed (Fig. 2). 
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Figure 2: Relative location of past debris flow events along the Upper Chama 
River watershed. Orthorectified ASTER/Terra satellite RGB-image  
(background): Red represents vegetation, blue is bare soils and urban 
areas, white are clouds or glaciers and black are water bodies. 
(ASTER/Terra, Feb, 2004) Las Calaveras debris flows (upper left) and  
El Balcón (below right) pictures taken by R. Ortega during fieldwork,  
Feb. 2006. Debris flow Montalbán aerial photograph  
(INGEOMIN, 2006). 

 

Alluvial fans and fluvial floodplains in steep mountainous landscapes are sedimentary 

landforms that act as buffer zones of sediments stemming from steep hillslopes 

(Harvey et al., 2005).  

The Upper Chama River Basin with an area of 1,903 km
2
, is home to a large 

population. Among the largest settlements in area of study, Mérida (204,879 

inhabitants), Ejido (82,397 inhabitants) and Tabay (13,795 inhabitants), can be named 

(INE - Census, 2001).  

Due to the roughness of the terrain and the steep gradient of its hillslopes, urban 

development along the Chama River Basin takes place, out of necessity, on gentle-

sloped alluvial fans (4º-10º) or fluvial floodplains (0º- 3º). These sedimentary 
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landforms are oriented either perpendicular or parallel to the north easterly flow 

direction of the Chama River (Cabello, 1966).  

Nowadays, these areas are being used for urban development or as agricultural land. 

The accelerated increase of the local population in the last 50 years, has also led to 

the conversion of hazard prone areas into residential areas (see Fig 3). 

 

Figure 3: Example of land use changes of former alluvial fans into residential 
area in the Upper Chama River Basin. Aerial view from the Montalbán debris 
flow, Oct 1947 (upper right).Oblique picture of the Montalbán alluvial fan, Feb, 
2006 (INGEOMIN, 2006). Orthorectified ASTER/Terra satellite RGB-image 
(background): Red represents vegetation, blue is bare soils and urban areas, 
white are clouds or glaciers and black are water bodies (ASTER/Terra, Feb, 
2004). 

 

In recent debris flow events (Feb. 2005) within the Tovar region, along the Mocotíes 

River Watershed, 60 km southeast from Mérida City Lafaille and Ferrer (2005) 

observed that debris flows are triggered by intensive rainfall. They often occur on 

vegetated hillslopes in watershed domains (Lafaille and Ferrer, 2005) (see Fig. 4). 
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Figure 4: Example of a debris flows on vegetated  
hillslopes (INPRADEM, 2006) (Feb. 16, 2005);  
Regional map of the Mérida region (background)  
(Cormetur, 2006). 

 

The formation of alluvial fans is strongly related to debris flows (Okunishi and Suwa, 

2001; Yu et al., 2006; FEMA, 2000; Vilímek et al., 2006). In the Chama River Basin 

the formation of alluvial fans is associated with the torrential nature of the Chama 

River and its tributaries (Silva, 1999). This relationship suggests that the occurrence 

of debris flows in watershed domains along first and second order tributaries can be 

responsible for the torrential behavior and the sediment supply of this regional river 

system (see Fig. 5)  
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Figure 5: Debris flow deposits inside stream 
channel (Montalbán watershed  
(INGEOMIN, 2006) 

 

Watersheds constitute complex, heterogeneous, geomorphologic units dominated by 

hydrological processes, where interaction between natural processes and human 

activities often occurs (Debarry, 2005). However, this interaction does not always 

happen smoothly, thus resulting in damage of basic infrastructure, private property, 

environmental degradation, and last but, not least loss of human lives (Lafaille and 

Ferrer, 2005; Altéz, 2005).  

Alluvial fans are inherent elements of watersheds (Okunishi and Suwa, 2001). In the 

Chama River Basin, alluvial fans are oriented perpendicularly to the north easterly 

flow direction of the Chama River. They present different geological ages that range 

from Tertiary to present, and are associated with the existence of perennial and 

seasonal streams (Vivas, 1993).  

The analysis of watersheds and their hydro-geomorphologic processes on a regional 

scale has been favoured in the last year by the rapid development of computational 

capacity. Geographical Information Systems (GIS) are also increasingly being 
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applied in almost all fields of investigation related to hazard studies (Yu et al., 2006; 

Tropeano and Turconi, 2004; Wang et al., 2006; Pudasaini et al., 2005; Vilimek et al., 

2006; Etzelmüller and Sulebak, 2000; Kääb et al., 2005; Toutin, 2002).  

Combined techniques of remote sensing and GIS have also been used to determine 

hazard potential stemming from geomorphologic processes on high relief areas in 

temperate zones (Toutin, 2002; Kääb et at., 2005). 

Over tropical high relief areas the implementation of these combined techniques has 

been rather limited (Colby and Keating, 1998). Main limitations associated with their 

application stem from the topography of rugged terrain, the very heterogeneous 

mixture of vegetation and cloudiness of these areas (Colby and Keating 1998; 

Ekstrand, 1996; Huggett and Cheesman, 2002). 

According to the United Nations (UN), 79% of the Latin America and the Caribbean 

(LAC) population will be living in urban areas by 2010 (United Nations, 2007). In 

mountainous terrain, where the topography determines the urban patterns, this 

development will lead to further conversion of alluvial fans or fluvial plains into 

residential or agricultural land (Vilímek et al., 2006). 

This future scenario necessitates devising regional studies with emphasis on the 

potential hazard that geomorphologic processes such as debris flows pose for the 

population living at the base of steep mountain ranges. With regard to this a regional 

debris hazard study in the Chama River Basin and its tributaries is proposed here. In 

order to determine the potential hazard of debris flows it is necessary to establish 

their potential source areas, as well as their transport and deposition zones. To 

accomplish this objective a combined approach of morphometric and hydrologic 

parameters is applied. Herewith the following central questions will be answered: 

• Can a morphometric indicator like the Distributed Melton´s Ruggedness 

Number (DMRN) be used to identify potential debris flow source areas in 

watershed domains in the Venezuelan Andes? 
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• Can a Modified Single Flow Model (MSFM) be used to determine transport 

zones and deposition zones of potential debris flows in the Upper Chama River 

Basin? 

 

Additionally, the following specific questions are formulated: 

• Does any relationship exist between high DMRN value, land cover type and 

the frequency of debris flows in this region? 

• Can morphometric indicators contribute to a better understanding of the 

sediment dynamics in soil and vegetation-covered hillslopes in watershed 

domains? 
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1.2 Structure 

The purpose of this thesis is to model the potential debris flows in these hazard-prone 

areas. To reach this goal an interdisciplinary approach that comprehends 

morphometric and hydrological indicators is implemented. The main data input 

consist of a SRMT3 – DEM (Shuttle Radar Topography Mission Digital Elevation 

Model) and an ASTER/Terra (Advanced Spaceborne Thermal Emission and 

Reflection Radiometer) satellite image.  

This investigation is structured in three parts. The first part aims to determining the 

potential debris flow source areas using a morphometric indicator know as Melton´s 

Ruggedness Number (MRN) in a distributed form. The second part consists of 

modelling the potential debris flow paths and deposition zones in the hazard prone- 

areas, using a Modified Single Flow Model (MSFM).  

The third and final part aims at find out if there is any correlation between high 

values of distributed Melton´s Ruggedness Number (DMRN), vegetation cover and 

high debris flow potential in these areas (Fig. 6). 
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Figure 6: Structure and workflow of the investigation. 
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2. Area of study 

The Venezuelan Andes represent the most important orographic feature of the 

country. It consists of two ranges, Perijá Mountain Range and Mérida Mountain 

Range, respectively (Bellizzia et al., 1981; Vivas, 1993). Both are located in the 

western part of Venezuela and are a bifurcation of the Cordillera Central of Colombia 

(see Fig.7) 

 

Figure 7: Location of the Mérida Mountain Range in  
red square (LANIC, 2006).  
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The area of study is located in the Mérida Mountain Range also locally named Sierra 

de Mérida. It comprises the Upper Chama river watershed between 8º 29‘ 26‘‘ and 8º 

53‘ 24‘‘ north and 71º 19‘ 49‘‘ and 70º 53‘ 36‘‘south, and covers a total area of 1903 

km
2
.
 
On the north it is flanked by the Sierra de la Culata, with maximum heights 

reaching over 4,800 metres above see level (m a.s.l.), and in the south by the Nevada 

South Range, with heights that reach 5,000m a.s.l (see Fig 8). 

 

 

Figure 8: Relief map with contour lines showing the two flanking 
mountain ranges and the relative location of the study area.  
Relative location map (upper left) (modified from MARN, 1977). 

 

The Chama river springs in Sierra de la Culata, also know as the North Range, at the 

Mifafi Páramo at a height of 4,200m a.s.l. It flows partly along the Bócono fault in a 
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southwest to northwest direction into the Maracaibo Lake, thus dividing the North 

Range from the Nevada South Range also called “Sierra Nevada” (Ferrer, 1993; 

Schubert, 1980).  

The Boconó represents one of the most important geo-tectonic features of the country 

(Ferrer, 1993). It is characterized by the existence of valleys perpendicular to its SW- 

NE trending direction, gently sloped alluvial fans, dislocated moraines, displaced 

river channels and pull-apart basins (Schubert, 1980). Low-gradient alluvial fans (4º- 

10º) and alluvial floodplains (0º- 3º), have given place to the development of 

settlements since the middle of the 16
th

 century (Arellano, 1974).  

The complex geomorphologic and geological setting of the study area is reflected 

through the seasonal occurrence of debris flows. These natural geomorphologic 

processes represent a hazard for the local population. Especially, for those located in 

alluvial fans and intra-mountainous valleys perpendicular to the Chama river valley, 

that under natural conditions act as buffer zones to sediments stemming steep 

hillslopes.  

However, in order to shed some light on the complexity of this location, it is 

necessary to consider further parameters such as geology (section 2.1), 

geomorphology (section 2.2), climate (section 2.3), and soils and vegetation (section 

2.4). 

2.1 Geological settings 

The Mérida Mountain Range presents both a palimpsest of geological structures, 

which ranges from Precambrian to Quaternary, and a well - developed fault system. 

Both ranges are formed by a Precambrian crystalline basement, known today as the 

Iglesias complex (Fig. 9). 
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Figure 9: Geological Map of Mérida State, Venezuela (modified from 
Greta Roa, 2004). Regional map of Mérida region (upper left) (Cormetur, 
2006). 

 

This complex is conformed mainly by metamorphic and igneous rocks and can be 

found in both Sierras that flank the area of study i.e. Sierra Nevada and Sierra de la 

Culata (Grauch, 1975; Vivas, 1993). The Iglesias complex also shows evidence of 

former glaciations e.g. cirques, moraines and till, which according to Schubert and 
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Vivas (1993) took place between 18,000 and 13, 000 years before present (B.P). This 

coincides with the last global glacial maximum, that has been agreed upon, took place 

ca. 18,000 years B.P (La Marca, 1996). Schubert (1980) also states that the most 

important glaciation, also coined by him as the Mérida glaciation, occurred 10,000 

years B.P, during the late Pleistocene-early Holocene epoch. As evidence of this 

glaciation, cirques, U-shaped valleys and moraines can be observed over 2,800m 

a.s.l., in what is the today’s periglacial landscape of the Venezuelan Andes (La 

Marca, 1996; Vivas, 1993; Schubert and Vivas, 1993; Grauch, 1975) (see Fig. 10)  

 

 

Figure 10: Evidence of past glacial activity on the North Range: (1) Los Conejos 
U-shaped valley; (2) Las Iglesias glacial cirque (3) La Culata end moraine 
(pictures taken by G. Volkhard, during fieldwork in Feb, 2007). Orthorectified 
ASTER/Terra satellite RGB-image (background): red represents vegetation, 
blue is bare soils and urban areas, white are clouds or glaciers and black is 
water bodies (Feb, 2004). Regional map of the Mérida region (upper left) 
(Cormetur, 2006). 
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Vivas (1993) also argues that strong rains and extreme dryness that resulted from the 

alternating cold and warm periods during the superior Pleistocene contributed to 

increased erosion on steep slopes and to the filling of intra-mountainous valleys. 

These processes also led to the formation of alluvial fans, fluvial floodplains and to 

the filling of the aforementioned Boconó fault with alluvial and fluvial deposits 

(Vivas, 1993, Schubert and Vivas, 1993; Ferrer, 1993; Cabello, 1966). Nowadays, 

these alluvial and fluvial fans are being used for different human activities i.e. urban 

development, agriculture and industry, among others. Mérida City, main urban centre 

in the study area, lies on an 11km-long quaternary fan that was created by the Chama 

River during the Quaternary (Ferrer , 1995). From the orogenetic point of view, the 

Eocene-Oligocene epoch constitutes the most important period in the evolution of the 

Venezuelan Andes (Bellizzia et al., 1981). It was characterized by the uplifting of 

fault blocks and is still active in the present (Bellizzia et al., 1981).  

According to Audermard and Audermard (2002), the uplifting of the Andes occurred 

as a result of the deformation of Earth’s crust originated by the complex interaction of 

four major plates: South America, Nazca, Coiba, and Caribbean plates. The strike-

slip SW-NE trending Boconó fault, already mentioned above, is then interpreted as 

the contact zone between the South American and the Caribbean plates (Vivas, 1993; 

Audermard and Audermard, 2002). It is also the source of marked seismic activity in 

the area (Audermard et al., 1999, Dewey, 1972) (see Fig. 11). 
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Figure 11: Schematic geodynamic setting of northwestern South  
America (modified from Audermard and Audermard, 2002). 

 

The constant tectonic movements and climatic changes that shaped the Venezuelan 

Andes to its present form, have also given rise to a wide variety of landforms. They 

will be addressed in the next chapter, with main emphasis on alluvial fans and foothill 

valleys along the Chama River Watershed. 

2.2 Geomorphologic settings  

Geomorphologic processes and its spatial variation in the Venezuelan Andes and 

other tropical mountain systems are closely related to the existence of altitudinal 

thermal zones (Huggett and Cheesman, 2002). These zones are created due to air 

temperature differences that arise as the air temperature decreases with the altitude 

i.e. the altitudinal gradient (Huggett and Cheesman, 2002; Ferrer, 1993). Silva (1999) 

estimates that, the altitudinal gradient change along the Chama River Watershed 

occurs at rate of 0.60ºC/100m. This change also has a marked influence not only on 

the vegetation, but also on fauna, soil formation and the spatial distribution of 

geomorphologic processes (Malagón, 1980; Huggett and Cheesman, 2002). Based on 
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altitudinal gradient and hypsometric analysis of the Chama Watershed, Silva (1999) 

identified six climatic zones along the Chama river watershed ranging from glacial to 

warm climate (see Table 2). 

 

Thermal zones Relative heights (ma.s.l) Average temperatures (ºC) 

Hot 0 to 850 28 to 23 

Dry 850 to 1650 23 to 18 

Moderate 1650 to 2500 18 to 13 

Cold 2500 to 3350 13 to 8 

Very cold 3350 to 4200 8 to 3 

Gelid (glacial) 4200 to 5000 3 to -2 

Table 2: Thermal zones of the Chama River Basin (Silva, 1999). 

 

Geomorphologically, the aforementioned thermal zones are associated with very 

distinctive landforms. Above 2,500m a.s.l periglacial landforms e.g. cirques, round 

mountain tops, moraines and U-shaped valleys characterise the Venezuelan Andes 

(Vivas, 1993; Ferrer, 1993). Below 2,500m a.s.l the most representative landforms 

are alluvial fans and alluvial floodplains, which are associated with superficial runoff 

(Ferrer and Lafaille, 2005). 

2.2.1 Periglacial zone 

According to Schubert (1980) periglacial landforms in the Venezuelan Andes 

originated during the late Pleistocene as a product of glacial activity. They are 

conspicuously found on both divides that flank the Upper Chama River Watershed 

comprised by this investigation.  
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Today, the most important factor determining geomorphologic processes in the 

periglacial landscapes of the Mérida Mountain Range is the daily fluctuation of 

temperature. In some cases this varies between 23 ºC and -11 ºC, under clear sky 

weather conditions during the dry seasons (December to March) (Ferrer, 1993; Berg, 

2001).  

Daily freeze-thaw activates periglacial denudation processes such as solifluction and 

the formation of patterned ground that can be observed as low as 2,200m a.s.l, 

depending on slope aspect and vegetation cover (Ferrer, 1993; Malagón, 1980). 

Ferrer (1993) also quotes that these denudation processes contribute to the 

accumulation of sediments and rock fragments of different sizes on the base of the U-

shaped valleys slopes. 

Both mountain Ranges along the Chama River Basin present geomorphologic 

dissymmetry in relation to each other (Cabello, 1966). This dissymmetric relationship 

mentioned by Cabello (1966), is based upon the fact that the North Range, Sierra de 

la Culata, presents more gentle slopes than the South Range, Sierra Nevada, which on 

the contrary is dominated by very steep slopes.  

Even if he does not mention the parameters used to determine the slope gradient on 

both Ranges, his allegation can be validated by the fact that the biggest urban 

settlements along the Chama River Valley are located in the perpendicular gently 

sloped valleys of the Sierra de la Culata side. 

2.2.2 Non-periglacial area  

The non - periglacial areas below 2,500m.a.s.l are characterized by the presence of 

alluvial fans, coalescent fans, fluvial fans and fluvial terraces (Ferrer, 1993; Cabello, 

1966; Silva, 1999; Vivas, 1993).  

According to Vivas (1993), these fluvial and alluvial landforms are related to mass 

wasting processes, and were created during the late Pleistocene as a result of 

alternating warm and cold periods. Alluvial fans and coalescent fans are formed 

perpendicularly to the north easterly flow direction of the torrential Chama River. 
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Fluvial terraces are formed parallel to the Chama River and its tributaries (Ferrer, 

1993; Cabello, 1966; Silva, 1999).  

Today, these sedimentary landforms are associated with the existence of tributary 

stream channels, which according to the spatial distribution of local precipitation can 

vary from perennial to intermittent torrential water channels (Cabello, 1966). 

Alluvial sediments generation and their further deposition on the base of steep slopes 

i.e. alluvial fans and floodplains, is associated with a pronounced surface runoff, 

which according to Ferrer (1993) and Cabello (1966), is the main erosion process in 

the non–periglacial zone. 

Other researchers (cf. Lafaille and Ferrer, 2005; Andressen and Pulwarty, 1999) 

associate the alluvial fan deposits to the occurrence of mass movements in channel 

domains and the torrential nature of the Chama River and its tributaries. They also 

emphasize the hazards that these water-related mass movements represent for the 

population in situ. 

2.3 Climate 

On a global scale the Andes constitute one of the most important mountain systems of 

the planet. It regulates airflow patterns, as well as humidity distribution and 

temperature changes across the entire globe (Ricardi et al., 2001).  

Venezuela situated between 0° 39’ and 12° 12’ N and 59°47’ and 73°23’ W 

respectively, on the northern part of this continental mountain system, is influenced 

by two important climatic factors: the east and northeast winds and the Intertropical 

Convergence Zone (ITCZ) (Rojas and Alfaro, 2000).  

Based upon these two factors, Rojas and Alfaro (2000) determined two types of 

precipitation patterns: a unimodal pattern, which predominates in most of the country, 

and bimodal pattern, that predominates in the west and northern part of the 

Venezuelan Andes. The study area located in the Mérida Range presents a bimodal 
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precipitation regime, with two maximums in April and October and two minimums in 

February and August (Ponte, 1976; Berg, 2001) (see Figs. 12 and 13). 

 

 

Figure 12: Monthly average precipitation over the Upper Chama River Basin 
between 1947 and 2001 (MARN, 2006). 
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Figure 13: Annual average precipitation over the Upper Chama River Basin 
between 1947 and2001 (MARN, 2006). 

 

On a local scale, these precipitation patterns, present a strong spatial variation, both in 

frequency and intensity. This variability arises mainly from the topography and the 

orientation of the Cordillera de Mérida, with respect to the wind directions (Ponte, 

1976; Cabello, 1966). The predominant winds in the area are SW and WSW winds 

coming from Maracaibo Lake, and NE winds coming from the central savannah of 

the country, known locally as Los llanos (Ponte, 1976; Cabello, 1966). 
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The Mérida Range also acts as an orographic barrier, which leads to variations in 

temperature and humidity levels, as an effect of the adiabatic cooling of the air 

(Huggett and Cheesman, 2002). Huggett and Cheesman (2002) also argue that 

orographic barriers modify the airflow patterns on a local scale, especially on the 

wind-leeside, thus contributing to the formation of clouds and subsequently to 

precipitation.  

2.4 Vegetation and soils 

The vegetation in the Andes is highly determined by altitudinal gradient, air 

humidity, slope, precipitation, gradient and aspect (Berg, 2001; La Marca, 1996). The 

study area presents a sequence of ecosystems, which Vareschi (1970) and La Marca 

(1996) group into four broad categories: tropical thorn woodland, (an orography 

related phenomenon), dry forest deciduous (1,000-2,400m a.s.l), cloudy forest (2400-

3,500m.a.s.l), and boreal rain forest also called páramo (3,500 - 4,500m a.s.l).  

Regarding pedologic characteristics in this zone, Ochoa and Salas (2006) argue that 

60 % of soils in the Venezuelan Andean region present a low degree of evolution, 

whereas the other 40 % show a medium to highly evolved soil.  

The degree of evolution of a soil can mainly be determined by the level of its mineral 

decomposition and the content of organic material (Ochoa and Salas, 2006).They also 

argue that soils in this area show in general an AC- profile, with a high potential 

acidity that arises from its parental material, mainly igneous metamorphic rocks 

(Ochoa, 1979; Ochoa and Malagón, 1980).  

AC- Profiles also called Acrisols (AC), are types of soil rich in clay, and are often 

associated with humid tropical climate (FAO, 2007). Another type of soils found in 

this area is azonal soils. They predominate in areas below 2,500m a.s.l (Ochoa and 

Malagón, 1980). They are mainly composed of alluvial and fluvial material 

(Malagón, 1980). Based upon its degree of evolution and its in situ forming process, 

Ochoa and Malagón, (1980) and Malagón (1980) identify three types of soils in the 
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study area, which are taxonomically referred to as ultisols (high evolution); 

inceptisols (medium evolution) and entisols (low evolution).  

According to the USDA soil classification (1999), Ultisols are seen as the end 

product of weathering processes. They have a red to yellow color and are associated 

with glacial events. Inceptisols are characterized by bad drainage capability, and are 

usually found on the first terrace of alluvial floodplains, alluvial fans or stable 

mountain slopes (Cifuentes and de Marquez, 1990). Entisol soils are more common 

on steep slopes with strong erosion, river banks and water saturated terrains 

(Contreras, 2005). 
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3. Theoretical background 

Mass movements in mountainous areas are mainly controlled by gravitational force 

and water availability (Wieczorek, 1987; Eisbacher and Clague, 1984; Patton, 1987). 

They are initiated by slope failure, which in turn can be controlled by geologic, 

geomorphologic, meteorological and hydrologic parameters (Eisbacher and Clague, 

1984; Patton, 1987). These factors interact with one another over a continuous time 

span, thus leading to a change of status of the slope from stable to unstable, and vice 

versa (Eisbacher and Clague, 1984). This cumulative effect over time poses one of 

the main difficulties, when trying to predict the occurrence of mass movements, since 

the causes for the slope instability can lie in any point of this continuous time span 

ranging from past to present (Bull, 1991; Andressen and Pulwarty, 1999; Iverson, 

2000). 

Further problems while trying to predict mass movements arise from the varied 

nature of parental material and the combination of geologic, geomorphologic and 

topographic parameters that influence the slope failure (Eisbacher and Clague, 1984). 

Due to the impossibility of predicting the exact time of occurrence of slope failure 

(cf. Okunishi and Okimura, 1987; Kirby, 1987), researchers have shifted the focus of 

their investigations to the analysis of trigger mechanisms, rather than prediction 

analysis.  

Instability of deposited alluvial material on hillsides can be caused by human activity 

or natural causes (Smith, 2004). As main human-induced triggers, public and private 

infrastructure construction can be pointed out (Smith, 2004; Gupta and Ahmad, 

1999).  

As natural triggers, hydro-meteorological events and tectonic events, i.e., earthquakes 

and volcanic activity are mainly responsible for the occurrence of mass movements in 

tropical environments (Anderson and Brooks, 1996; Smith, 2004; Wieczorek, 1987; 

Ferrer and Lafaille, 2005; Lafaille and Ferrer, 2005; Valleé, 2006).  



____________________________________________________________________ 37 

Within the scope of this investigation only hydro-meteorological induced mass 

movements in watershed domains are studied.  

3.1 Hillslopes hydrogeomorphology and slope stability  

Erosion and mass wasting processes in humid climate catchments areas are strongly 

dependent on topography and water availability, and influenced by vegetation, soil 

characteristics and land use (Caballero et al., 2006). Hillslope position and shape 

have direct influence on drainage patterns, and therefore also on the water 

distribution in soils (Bogaart and Troch, 2006; Melton, 1965; Patton, 1987). 

Hydraulic gradient, rate of convergence and divergence, potential maximum water 

flux, and rate of change of hydraulic gradient are all hydrological parameters that can 

be derived from primary topographic attributes like local slope, upslope contributing 

area, plan curvature and profile curvature (Wilson and Gallant, 2000). Hillslope form 

strongly influences the way weathered material is transported and deposited on lower 

gradient areas (Cotton, 1952). Regarding hydro-meteorologically induced mass 

movements in catchment zones, there is a well - founded consensus among the 

scientific community, that water content in soils plays an important role in slope 

failure occurrence (Eisbacher and Clague, 1984; Wieczorek, 1987; Neary and Swift, 

1987; Gupta, 1987, Patton, 1987; Vilimek, 2006; Lafaille, 2005; Tofani et al., 2006). 

Soil strength on hillslopes is determined by the contact between its compounding 

particles (Nash, 1987). This strength, also called shear strength varies inversely to the 

increase in pore-water pressure (Terzaghi, 1954). Variation in soil pore-water 

pressure is determined by a change of the ground water table or perched water table 

and induced by the vertical infiltration of precipitation run-off or seepage infiltration 

(Sahin, 2004; Collison and Anderson, 1996). Okunishi and Okimura (1987) found out 

that in soil-mantled hillslopes, subsurface lateral water-flow in shallow depths also 

constitutes an important parameter that contributes to the increase of soil water 

content. Barling et al. (1994) point out that, water content increases in the downslope 

direction due to a close relationship between gravity force, soil water content and 

slope form and position. In spite of the difficulties of assessing groundwater influence 
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on the stability of mountain slopes (cf. Okunishi and Okimura, 1986; Tofani et al., 

2006; Francis, 1987), hillslope hydrological analysis has led to an understanding of 

two main aspects. Both of these have particular relevance when assessing potential 

areas for mass movements in rugged terrain: (1) the destabilizing effect that 

convergent water flow in hollows exert on fail prone-slopes and (2) the upslope 

extension of saturated soils adjacent to drainage channels (Eisbacher and Clague, 

1984, Beven and Kirby, 1977;Wieczorek, 1987; Barling et al., 1994; Francis, 1987). 

These two assumptions can be found implicitly or explicitly in almost all hydro-

geomorphologic mass movement related studies, and are nowadays easily calculated 

in commercially available slope stability analysis software (Collison and Anderson, 

1996). 

3.2 Mass movements and precipitation 

Hydro-meteorological induced mass movements occur in all climates around the 

world (cf. Wieczorek, 1986; Gupta, 1987, Jackson et al., 1987, Vilímek et al., 2006; 

Sahin, 2004, Andressen and Pulwarty, 1999; Patton, 1987) (see Table 3). They start 

usually on a hillside as incipient slope failure and reach lower gradient areas by 

tumbling, flowing, slumping or sliding (Valleé, 2006, Varnes, 1984) . 

 

Country Type of event Date People Affected 

Afghanistan Landslide Jan. 13, 2006 300,000 

Switzerland  Landslide Jul. 26, 2006 3000 

Thailand Landslide/debris flow Aug. 20, 2006 2, 212,413 

Venezuela Landslide/debris Dec. 15, 1999 483,000 

Table 3: Examples of hydrological induced mass movements occurred in different 
climates (EM-DAT, 2006). 
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As one of the main triggers rainfall, has been extensively addressed in different 

studies carried out in a wide range of environments (Neary and Swift, 1987; 

Wieczorek, 1987; Church and Miles, 1987; Andressen and Pulwarty, 1999; Lafaille 

and Ferrer, 2005).  

In tropical humid climates extreme downpour and sustained regional rainstorms have 

been found responsible for the occurrence of major mass movement events with 

devastating consequences (Andressen and Pulwarty, 1999; Lafaille and Ferrer, 2005; 

Vilímek et al., 2006; Caballero et al., 2006).  

Wieczorek (1987) and Neary and Swift (1987) also emphasize the importance of 

establishing soil moisture conditions prior to rainfall-triggered landslide events. Pre-

existing soil moisture content favours rapid infiltration, thus leading to reduced shear 

strength of the soil, as the pore-water pressure increases (Nash, 1987).  

Patton (1987), Eisbacher and Clague (1984) and Wieczorek (1987) established a clear 

relationship between slope position, its form and soil saturation. Saturated steep 

hillslopes tend to fail along their profiles and have therefore, a higher probability to 

create landslides and debris flows (Patton, 1987).  

These failures occur frequently in steep saturated hollows or planar surfaces, which 

are mainly, located around first or second order channels, near to slope crest areas 

with low isolation rate (Eisbacher and Clague, 1984; Patton, 1987; Wieczorek, 1987) 

(Fig. 14)  
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Figure 14: Example of debris flow initiation areas  
(a) very shallow soil slide over bedrock; (b) deep  
soil slump; (c) shallow soil slump. Theta is ground 
surface slope angle, D is maximum depth of  
slide, L is maximum length, flow is Q and permeability 
is K. QINF= infiltration, QTF= throwflow, QSF= sideflow,  
QBF = base flow, QOUT= outflow, HBD= permeability of  
bedrock and KS= permeability of soil 
(modified from Wieczorek, 1987). 

This suggests that slope orientation (aspect) also has influence on the preferential 

occurrence of mass movements. However, establishing soil moisture content is not an 

easy task. 

Regarding this, Okunishi and Okimura (1987) points out that even if most slope 

failures are related to extreme groundwater conditions as a result of snow melting or 

precipitation, it is quite difficult to interpolate pre-existing conditions. He argues that 
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once the displaced mass has lost its connection to the soil, the pore-water pressure 

changes, both in the stable soil and the displaced mass (Okunishi and Okimura, 

1986). 

Despite the difficulties in determining soil water content in mass movement prone 

areas, extreme rainfall and superficial runoff are appointed in numerous 

investigations dealing with mass movement recognition and assessment, as main 

triggering factors (cf. Patton, 1987; Wieczorek, 1987; Gupta; 1987; Vilímek et al., 

2006; Neary and Swift, 1987; Tofani et al., 2006; Sahin, 2004; Andressen and 

Pulwarty, 1999; Lafaille and Ferrer, 2005; Caballero et al., 2006; Altéz, 2005; Valleé, 

2006; Anderson and Brooks, 1996). However generalizations remain difficult. Main 

limitations in transferring data from one specific area to another area stem from the 

spatial variability of geomorphologic processes, lithology, geology, climate, 

landcover and landuse, among others. 

3.3 Vegetation and slope stability 

It is generally accepted that vegetation has a favourable influence on slope stability. 

The way vegetation influences slope equilibrium is frequently categorized into 

hydrological and mechanical factors (Greenway, 1987; Collison and Anderson, 

1996). As main mechanical factors, soil strength reinforcement and increased normal 

load on a potential shear surface have been identified (Greenway, 1987; Ziemer, 

1981).  

From the hydrological point of view, vegetation cover can reduce the amount of 

precipitation available for soil infiltration through rainfall interception and 

evapotranspiration, thus diminishing soil saturation possibilities (Greenway, 1987; 

Borga et al., 2002). The water table can also be reduced as a result of water 

absorption through the root system (Greenway, 1987).  

Ziemer (1981) was able to establish a relationship between slope stability, root decay 

and root growth as a function of logging and root system re-growth. However, it is 

important to notice that the majority of these studies have been carried out in 
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temperate climate zones and therefore caution is suggested when transferring their 

findings to more complex hydrological systems e.g. humid tropics.  

In tropical areas, slope failure is commonly initiated by a perched water table as a 

result of infiltration, rather than by a rise in the ground water table (Collison and 

Anderson, 1996). Hillslopes in tropical forested areas are usually covered with thick 

layers of colluvial deposits (Bull, 1991). These colluvial deposits are the result of 

deep in situ weathering processes. They give rise to residual and colluvial soils with a 

thickness that varies between 30m and 100m (Collison and Anderson, 1996; Lacerda, 

2004). 

Under these circumstances, it is very unlikely that root system in humid tropics would 

be able cover the entire soil profile and thereby mechanically reinforce the entire 

slope as postulated by Ziemer (1981). On the contrary, root system can have negative 

effects on slope stability in these areas (Collison and Anderson, 1996; Lacerda, 

2004).  

Infiltration enhances the soils permeability, thus leading to quick saturation of 

residual soils. Those areas beyond the reach of the root system can become unstable 

and lose cohesion as a consequence of rain water infiltration in deeper soil strata 

(Lacerda, 2004).  

The high permeability of residual soils leads to a rapid response to infiltration and 

hydrological processes. As a result tropical soils usually present unsaturated 

condition (Collison and Anderson, 1996; Lacerda, 2004). 

This characteristic makes it difficult to assess the shear strength of tropical soils 

based on saturation levels, and introduces uncertainty in slope stability analysis of 

tropical landscapes (Collison and Anderson, 1996).  

Lacerda (2004) and Collison and Anderson, (1996) argue that soil suction matrices 

also influence the slope stability. They can vary randomly, from site to site depending 

on the material and internal composition (Collison and Anderson, 1996). Due to the 

complexity of the root system and its ambiguous influence on soil water content and 
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slope stability in the tropical environments, slope stability assessment remains 

uncertain.  

Only few models, based on physical parameters like the one proposed by Collison 

and Anderson (1996) accomplished partial satisfactory results (see Fig 15). However, 

models based on physical parameters are expensive and difficult to transfer to other 

sites of investigation.  

 

Figure 15: Structure of a vegetation slope cover model  

(z is height above datum (model base); Theta is the volumetric  

water content (Collison and Anderson, 1996).  

3.4 Alluvial fans as indicators of the sediment supply 
capacity of watersheds 

Alluvial fans are gently sloped landforms that display a variety of geomorphic 

shapes, largely dependant upon the depositional processes, which in turn are control 

by climate and lithology (Kochel, 1990; Hartley et al., 2005). Alluvial fans can 

therefore be seen as indicators reflecting the capacity of a specific watershed to 

supply alluvial material and sediments (Villar and Garcia, 1996). As a general rule, 
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they are composed of alluvial deposits or debris flow deposits (Okunishi and Suwa, 

2001; FEMA, 2006).  

Villar and Garcia, (1996) determined that watersheds with low gradient alluvial fans 

are more exposed to human activities, than watersheds without alluvial fans. Aware 

of the mass movement hazard associated with debris flows, Jackson et al. (1987) 

applied geomorphometric criteria to differentiate mass movement driven fans from 

those dominated by fluvial activities. This used fan slope analysis and a basin 

ruggedness analysis based on the Melton’s Ruggedness Number (MRN) and was 

applied in non-glaciated areas in steep mountain fronts along the Canadian coast  

Jackson et al. (1987) argue that basin ruggedness and slope angle are reliable for 

effectively discriminating between alluvial fans and fluvial fans in steep rugged 

terrain. In orogenetic active areas, tectonic disturbance can contribute to steepen 

slopes of already existing fans, thus making it difficult to discriminate them based on 

slope angle criteria as postulated by Jackson et al. (1987) (Harvey, 1990).  

In tropical mountains, alluvial fans have been related to mass-movement events 

resulting from pronounced superficial runoff (Ferrer, 1993). Lafaille and Ferrer 

(2005) observed that debris flows are more likely to occur inside small, steep, first 

and second order catchments areas, oriented perpendicularly to intra-mountainous 

river valleys. Due to their susceptibility to climatic controls (cf. Harvey et al., 2005), 

and their function as buffer zones between steep terrain and flat areas, alluvial fans 

should be included, when assessing potential deposition areas of watershed with 

debris flow potential. 

3.4.1 Melton´s Ruggedness Number (MRN)  

According to Melton (1958 and 1965) the Ruggedness Number (RN) is a scale-free 

morphometric measure of the relative relief of a basin. Contrary to the cell based 

slope method, this morphometric indicator also takes into account the entire upslope 

contributing area (Fontana and Marchi, 2003; Jackson et al., 1987). Calculated in a 

distributed way, Melton´s Ruggedness Number (MRN) gives a spatialised 
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representation of relief ruggedness of the entire basin and allows relating terrain 

roughness to basin geomorphology (Fontana and Marchi, 2003)  

This also makes possible the discrimination of watersheds with mass movement 

potential from those, where sediment transport is controlled by fluvial processes 

(Fontana and Marchi, 2003; Jackson et al, 1987; Rowbotham et al., 2005).  

The MRN was devised as a concentrated morphometric parameter calculated from, 

A

HH
MRN

5.0

minmax
−

=    [see Section 5.3]   (Melton, 1958) 

Where; 

Hmax and Hmin are maximum and minimum elevation within the basin 

And A
0.5

 is the drainage basin area.  

In this investigation MRN is used as a decision tool (see sections 5.3 and 5.4). Using 

MRN for watershed discrimination presupposes the availability of debris material as 

a function of terrain ruggedness (Jackson et al., 1987). This assumption can invalidate 

the MRN approach when applied to watersheds that present a stepped profile 

(Jackson et al., 1987).  

A stepped longitudinal profile can act as a trap for debris material, thus preventing it 

from reaching the alluvial fan predicted as hazardous by MRN analysis (Marchi and 

Fontana, 2005). Regardless of this drawback, Jackson et al. 1987 were able to 

determine that small rugged basins are more likely to produce debris flows, than large 

and less rugged basins. Further studies related to basin morphometry and floods (cf. 

Patton, 1987), or rain triggered debris events (Wieczorek, 1987), confirm these 

findings.  
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3.5 Digital terrain models and mass movement 
assessment 

The term Digital Terrain Model (DTM) was first introduced by Miller and Laflamme 

(1950) in the context of an erosion and land subsidence study (Li et al., 2005). Since 

then, alternative names, depending on its applicability and country of origin have 

been used, e.g. Digital Elevation Models (DEMs) common in the United States, 

Digital Height Models (DHMs) used in Germany and Digital Ground Model (DGMs) 

used in the United Kingdom, among others (Li et al., 2005). Nowadays, the term 

DEM is well-established and the most used among the research community (cf. 

Wilson and Gallant, 2000; Hutchinson and Gallant, 2000; Duan and Grant, 2000, 

Mitasova et al., 1996). Therefore its use is also preferred in this paper. 

As its name indicates, a digital elevation model (DEM) is digital representation of 

elevation, which allows, with help of Geographical Information Systems (GIS), 

software, the combination of topographic and non-topographic elements usually in 

grid layers, points, lines and polygons, that subsequently can be utilized in different 

applications (Wilson and Gallant, 2000; Huggett and Cheesman, 2002). They can be 

derived from different sources (Hengl et al., 2003; Huggett and Cheesman, 2002; 

Wilson and Gallant, 2000; Li et al., 2005) (see Table 4) 
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Collection 

method 

Main characteristics Some 

examples of 

used systems 

Typical 

DEM 

accuracy 
Ground survey Highest accuracy, small sampling density, high 

costs 

DGPS systems 

Tachometry 

(total station) 

Leveling systems 

≤ 1m – 10 cm 

1mm – 1m 

± 1mm 

Stereoscopic 

imagery 

high sampling density, semi- or fully automated,  

Problems with vegetation, low cost 

Aerial 

photograph, 

Satellite imagery 

(ASTER, Spot) 

0.1mm - 1mm 

10 m - 20m 

Laser scanning Requires filtering und sampling before use. Can 

penetrate foliage, record both ground and 

vegetation, high cost 

Airborne Laser 

scanning 

(LIDAR) 

± 0.2 -1m 

Radar imagery 

(interferometry) 

The lowest cost per square kilometers, complex 

processing 

Airborne SAR 

(synthetic 

aperture radar) 

Spaceborne ERS, 

SRTM 

± 0.5m - 20m 

 

10m -25m 

Digitalisation of 

topographic maps 

Lowest cost in general, prone to human mistakes. 

Accuracy influenced by physical and non-physical 

factors e.g. quality of map paper, type of 

hardware, software used in digitalization process. 

Cartalinx, 

Autocad, CAD 

etc  

Accuracy 

depends on 

several factors 

Table 4: Data sources for DEMs (Huggett and Cheesman, 2002; Hengl et al., 2003; 
Li et al., 2005; Wilson and Gallant, 2000). 

 

3.6 Structure of digital terrain models 

Digital Elevation Models (DEMs) are often organized in three main types of data 

structures: regular grids, triangulated irregular networks and contours (Hengl et al., 

2003; Huggett and Cheesman, 2002; Wilson and Gallant, 2000; Li et al., 2005). 

Regular grids are the most used data structure at present (Wilson and Gallant, 2000). 

Their main advantage lies in their easy storage and manipulation (Wilson and 

Gallant, 2000; Hengl et al., 2003; Huggett and Cheesman, 2002). Regular grids also 

have disadvantages that must be taken into account when using them to complex 

terrain studies. Wilson and Gallant (2000) reported a number of disadvantages 
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including: (1) data redundancy in uniform terrain areas, (2) deficiency when handling 

abrupt changes of terrain, (3) influence of the computational capacity on the final 

results, (3) unrealistic flow-paths zigzagging as result of the regular grid structure. 

Some of these drawbacks have been solved as a result of increased computer 

efficiency, while others still remain problematic e.g. flow-paths zigzagging in 

hydrological studies (Huggett and Cheesman, 2002) 

3.7 Sources of errors in DEMs 

Error detection in DEMs constitutes an important step in the preprocessing routine 

(Wilson and Gallant, 2000; Huggett and Cheesman, 2002; Li et al., 2005). Inaccuracy 

in DEMs originates from different sources: (1) errors in the source of material, (2) 

inaccuracy of the equipment for the data acquisition, (3) human error introduced in 

the acquisition process (Li et al., 2005). These gives rise to errors, which generally 

can be classified into three categories: (1) random errors; (2) systematic errors (3) 

gross errors (Li et al., 2005, Wilson and Gallant, 2000; Huggett and Cheesman, 2002) 

(see table 5). 

 

Type of 

errors 

Possible sources of 

errors 

Main Characteristics Common DEM error 

assessment methods 
Random 

errors 
Derive from image processing 

also called white noise (high 

frequency components). 

Have a normal distribution Low-pass filtering 

Systematic 

errors 

Distortion in source material, 

human mistakes 

Can be constant or counteracting; 

may appear as function of time and 

space 

Online methods e.g. 

Superimposition of 

contours 

Zero stereo model from 

orthoimages 

Gross errors Mismatching of image points Occur often in automatic image Slope information method 

Adaptive threshold 

Visual inspection 

RSME 

Table 5: Possible sources of errors in DEMs and most common assessment methods 
(Li et al., 2005, Wilson and Gallant, 2000; Huggett and Chessman, 2002) 
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In spite of the considerable amount of error assessment methods no general 

agreement is established upon which is the best one (Huggett and Cheesman, 2002). 

Their implementation is rather dependent on the type of data available and intention 

of the investigation. GIS-based DEM-analysis has been extensively used in different 

applications ranging from landscape representation and hydrological simulation to 

modeling river-channel topography (Huggett and Cheesman, 2002). 

3.8 Use of DEMs to analyse hydrologic-induced mass 
movements and slope stability 

Increasing availability of commercial geographical information systems, e.g. GIS 

from ESRI and other open source GIS- software e.g. GRASS, SAGA and ILWIS 

among others, has promoted the use of DEMs in almost all surface related studies.  

With regard to hydrological-induced mass movements and slope stability, DEMs 

have been extensively used in combination with different methods e.g. Monte Carlo 

simulation, artificial neural network, 3-D slope stability analysis and infinite slope 

stability modelling, among others, to estimate, simulate or inventory mass 

movements around the world (Wang et al., 2006; Caballero et al., 2006; Yu et al., 

2006; Melelli et al., 2003). Regardless of the type of study involving the use of 

Digital Elevation Models it is important to remember that DEMs are just a scale-

dependent numerical approximation of the earth surface, which can never be entirely 

representative of the reality. Assessing its accuracy in every stage of its generation is 

therefore considered essential, in order to avoid error propagation and model 

uncertainty. 
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4. Remote sensing and its contribution to hazard 
assessment in mountainous areas 

As stated by Jensen (2005) and Sabins (1986), remote sensing can be understood as 

the technique of collecting and interpreting information about a target-object without 

having physical contact with it. Currently this technique has become a very important 

and a widely used tool in almost all natural hazard related studies (Kääb, 2002 and 

Kääb et al., 2005, Yu et al., 2006; Cheng and Chang, 2004; Crowley et al., 2003). 

Currently increasing availability of remotely sensed data and improved resolution of 

spaceborne imagers with stereo capabilities e.g. SPOT (Satellite Pour l'Observation 

de la Terre), ASTER (Advanced Spaceborne Thermal Emission and Reflection 

Radiometer), ETM+ (Enhanced thematic Mapper+), allows nowadays the study of 

remote located areas at relatively low-cost. In the past would have been too 

expensive, due to on one hand accessibility constrains e.g. remote mountainous areas 

(cf. Kääb, 2002 and Kääb et al., 2005; Metternicht et al., 2005) and on the other, due 

to the extension of the object-surface e.g. the Amazon rain forest (cf. Colson et al., 

2006).  

Regarding hydro-meteorological triggered events on mountainous terrain, medium 

resolution optical remote sensing has proved to be a very useful tool for detecting, 

inventorying, classifying, and characterizing potential mass movement zones (Kääb, 

2002 and Kääb et al., 2005; Yu et al., 2006; Cheng and Chang, 2004; Crowley et al., 

2003)  

4.1 ASTER sensor 

Based on the type of equipment used for the data collection, remote sensing can be 

grouped into passive analog (frame camera, videography) passive digital (digital 

cameras, scanner) and active remote sensing (microwave, laser, acoustic) (Jensen, 

2005). For the scope of this paper only the passive digital type is relevant. 
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The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) 

launched on board of the NASA´s Terra spacecraft in December 1999 is a multi-

spectral imager, which covers a wide spectral region with fourteen bands from the 

visible to the thermal infra-red with medium to high spatial, spectral and radiometric 

resolution (cf. JPL ASTER, 2007). It consists of three subsystems: (1) the visible and 

near-infrared (VNIR), has three bands and an additional along-track backward 

locking telescope, (2) the short-wave infrared (SWIR), has six bands, and (3) the 

thermal infrared (TIR) has five bands. Each one of these has a spatial resolution of 

15m, 30m and 90m respectively (JPL ASTER, 2007) (see table 6). 

 

Subsystem No. of bands Spectral range 

(µm) 

Spatial 

resolution 

(metres) 

1 0.52-0.60 

2 0.63-0.69 

3N 0.78-0.86 

VNIR 

3B 0.78-0.86 

15m 

4 1.60-1.70 

5 2.145-2.185 

6 2.185-2.225 

7 2.235-2.285 

8 2.295-2.365 

SWIR 

9 2.360-2.430 

30m 

10 8.125-8.475 

11 8.475-8.825 

12 8.925-9.275 

13 10.25-10.95 

TIR 

14 10.95-11.65 

90m 

Table 6: Characteristics of the ASTER pushbroom linear array sensor (JPL 
ASTER, 2007; Hirano et al., 2003). 

 

Main advantage of the ASTER/Terra sensor compared to other passive optical 

sensors e.g. SPOT and ETM+, arises from its capability of producing almost 

simultaneous images, with approximately 60 seconds spatial resolution between the 

Nadir looking band (3N) and the back-looking sensor (3B), thus allowing the creation 
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of stereo pair images, that can subsequently be used to create DEMs as end products 

(Hirano et al., 2003)  

Reduced time for image recording also contributes to diminish image matching 

problems that might derive from vegetation cover changes, cloudiness, humidity and 

illumination as a result of larger temporal resolution (Kääb, 2002; Hirano et al., 

2003). 

4.2  Shuttle Radar Topography Mission (SRTM) 

On February 11, 2000, the Shuttle Radar Topography Mission (SRTM) payload on 

board Space Shuttle Endeavour was launched into space. To acquire topographic 

(elevation) data, the SRTM payload was outfitted with two radar antennas (SRTM 

documentation, 2006).  

One antenna was located in the shuttle's payload bay, the other on the end of a 60-

meter mast that extended from the payload bay. The first antenna sends radar signals, 

while the second collects the backscatter. Returning signals (backscatter) are 

converted into digital elevation model spanning the globe between 60º north and 58º 

south (SRTM documentation, 2006).  

On rugged terrain, SRTM-DEM present phase coherence problems that stem mainly 

from the geometric distortion (radar layovers and shadows) caused by a combination 

of narrow valleys, very steep terrain and weak backscatter (Eineder, 2003). Water 

bodies can also cause coherence loss due to the specular reflection of radar signals, 

resulting in gaps information as result of interrupted backscatter (Eineder, 2003)  

Today, SRTM3- products are free of cost and easily accessible over the internet. 

Main advantage of SRTM imagery relies on its all weather recording capabilities 

(SRTM documentation, 2006). 



____________________________________________________________________ 53 

5. Methods and results 

5.1 Methods and software  

The methods applied in this investigation comprise the combination of remote 

sensing techniques and the analysis of morphometric and hydro-geomorphologic 

parameters, as well as the entire workflow of geographic information preprocessing 

and accuracy assessment.  

The software used to process the acquired data is ArcGIS (version 9.2), the free 

software SAGA GIS (version 2.0), QGIS (version 7.0), PCI Geomatica (version 

10.0.3), Gimp (version 2) and Adobe illustrator CS2.  

PCI Geomatica 10.0.3 is used to generate an ASTER orthorectified image, and to 

conduct a supervised landcover classification. The free software SAGA GIS 2.0 is 

applied to calculate the catchment height of the study area. ArcGIS packages, 

Workstation/Arc Info, ArcGIS/Arc Map and Arc Scene are utilised to run an AML 

(Arc Macro Language) script and to analyse and visualise the acquired data. QGIS 

7.0 is used for creating and visualising processed data. GIMP 2 and Adobe illustrator 

CS2 are used to format end result data. 

5.2 Data acquisition and preparation 

For this study two different remotely sensed data sets were used. The first one 

consists of an L1A ASTER scene collected by the ASTER /Terra sensor on Feb. 1, 

2004. The image was collected in the visible and near-infrared (VNIR) range and 

present only 1% cloud cover (see Fig. 16). It was provided in a HDF EOS format 

with image center coordinates of 71º11’06’’, longitude and 8º39’49’, latitude. 
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Figure 16: Uncorrected ASTER scene acquired Feb. 1, 2004. Red represents 
vegetation; blue is bare soil, urban areas and rock outcrops, white are clouds 
and glaciers, and black is water (JPL ASTER, 2007). 

 

The second one consists of an SRTM3 DEM file downloaded from the NASA FTP 

SERVER in an hgt format (SRTM-FTP Server, 2006). The data was collected in a C-

band and presents information gaps as result of phase coherence problems (see Fig. 

17) (SRTM Documentation. 2006). 

In addition two topographic maps with a scale of 1:100,000 and a pedo-

geomorphologic map, were used to identify and local names and places and to assess 

the final results. The topographic maps depict the entire area of study in two sheets 

and are used in digital format (see Appendix C) (MARN, 1976 and 1977). The pedo-

geomorphologic map was created by Contreras (2005) within the scope of a cadastral 

investigation on the Upper part of the Chama River Basin (Fig. 18). 
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Figure 17: Unprocessed SRMT3-DEM (90m) with information gaps in white (SRTM-
FTP Server, 2006). 
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Figure 18: Pedo-geomorphologic map over the upper part of 
 the Chama River Basin (modified from Contreras, 2005)  

 

5.2.1 SRTM3-DEM processing  

The SRTM3 data set was converted into a grid format using PCI Geomatica. The 

original datum WGS84 was retained. The information gaps that arise from phase 

coherence problems were interpolated in PCI Geomatica using the Orthoengine 

module. The interpolated SRTM3 raster file was converted into an ASCII-format and 

exported into ArcGIS 9.2., using PCI Geomatica file utility tool. 
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Using spatial analyst tools (hydrology) in ArcGIS 9.2, the drainage network and pour 

points over the entire coverage area of the SRTM3-DEM were produced, and used as 

input to manually define single watersheds of interest.  

5.2.2 Accuracy assessment of the SRTM3 

The accuracy of the SRTM3-DEM was assessed using the Root-Mean-Square Error 

(RMSE) equation (see Equation 1). 

ndRMSE
n

i

i /)(
1

2

∑
=

=   [Eq. 1] (Huggett and Chessman, 2002) 

Where ZZ obsestid −=
2   

Z est
is the DEM value 

Z obs,
is the observed elevation value.  

And n as the number of ground control points collected.  

RMSE is a statistic measure, which determines whether the DEM systematically 

overestimates or underestimates the elevation (Huggett and Chessman, 2002). For 

this purpose, eighty one ground control points (GCPs) were collected during a 

fieldwork excursion (Jan. 25 and Feb. 1, 2007) using a hand held Garmin eTrek GPS 

receiver with a relative average horizontal accuracy of eight metres.  

The result of RMSE indicates that the SRTM3-DEM in general overestimates the 

elevation of the terrain by 9.06 m.  

However, a more detailed observation of the individual height differences product of 

the subtraction between the SRTM3-DEM values ( Z est
) and the observed values 

( Z obs
), indicates that overestimation only occurs above 3,300m a.s.l.; below this 

height the SRTM3-DEM underestimates the terrain elevation. These values vary 

between +100m and -243m (see Fig. 19). 
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Figure 19: Root mean square error of the processed SRTM3-DEM. 

 

Further errors (random errors) observed on the original SRTM3-DEM were corrected 

using a low-pass filter in ArcGIS 9.2. Random errors in a DEM are mainly caused by 

small scale (high frequency) components in the DEM data, and are also referred to as 

random noise (Li et al., 2005). Low pass filtering removes the high frequency 

components, that otherwise affect the quality of the DEM and its derivatives e.g. 

contour lines (see Fig. 20) 

 

Figure 20: Effects of random noise on the quality of contours lines (a) 
Contours produced from a smooth surface (filtered). (b) Contours produced 
from a data set with random noise and round-off errors included (modified 
from Li et al., 2005). 
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5.2.3 ASTER imagery orthorectification  

Digital orthoimages or orthophotos are information rich 2D analog or digital products 

created from remotely sensed images, and are the end result of the orthorectification 

process (Jensen, 2005). Orthorectification consists of removing geometrical 

distortions introduced in the digital or analog photograph by topographic relief 

displacement or camera altitude variations (Jensen, 2005). The result is a planimetric 

orthorectified image (see Fig 21). 

 

 

Figure 21: (a) Perspective projection of an aerial photograph 
with planimetric displacement. (b) Orthographic projection 
after orthorectification (Jensen, 2005). 

 

For this investigation only a single ASTER scene in L1A HDF format was needed. 

Using the Orthoengine module in PCI Geomatica a nadir ASTER image with 15m 

resolution, containing the entire VNIR spectrum (123N) was extracted. Subsequently, 

sixteen check points were manually collected using the interpolated SRTM3-DEM 

(90m) (see section. 5.2.1), as vertical reference for the topographic correction.  
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To ease the manual collection of the tie points, a geocoded image of the reference 

data set (SRTM3-DEM) in the form of hillshade was displayed. Finally, an 

orthorectified ASTER image was generated and exported to ArcGIS 9.2 for further 

analysis (see Figs. 22 and 23).  

 

 

Figure 22: Unrectified ASTER scene (with GCPs). 

 

 

Figure 23: Orthorectified ASTER scene (Feb. 1, 2004) Red represents 
vegetation, blue bare soil, urban area and rock outcrops, white clouds and 
glaciers.  
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5.2.4 ASTER scene accuracy assessment 

The accuracy report of the orthorectified scene was automatically generated by 

Orthoengine (PCI Geomatica) resulting in a planimetric relative accuracy of 0.10 

pixels in the X direction and 0.13 pixels in the Y direction (see Table 7). On the 

ground these values are equivalent to 1.70m and 1.42m respectively. 

 

Point ID Res Res X Res Y Type Image ID Image X Image Y Comp X Comp Y 

GCP0001 0.11 -0.01 0.11 GCP 123N 1913.4 2992.1 1913.4 2992.2 

GCP0002 0.19 0.09 0.16 GCP 123N 2902.5 1080.5 2902.6 1080.6 

GCP0003 0.05 0.05 0.01 GCP 123N 2451.2 721.1 2451.2 721.1 

GCP0004 0.11 -0.01 0.10 GCP 123N 1817.4 760.2 1817.4 760.3 

GCP0005 0.30 0.02 -0.30 GCP 123N 3858.0 183.3 3858.0 183.0 

GCP0006 0.17 -0.17 0.02 GCP 123N 3846.0 1681.8 3845.9 1681.9 

GCP0007 0.08 -0.08 0.01 GCP 123N 1411.6 2646.0 1411.5 2646.0 

GCP008 0.15 0.13 -0.07 GCP 123N 2494.4 2459.2 2494.5 2459.1 

GCP009 0.18 0.08 0.16 GCP 123N 1573.7 3352.5 1573.8 3352.7 

GCP0010 0.17 0.15 0.08 GCP 123N 2997.2 1643.5 2997.4 1643.6 

GCP0011 0.20 0.04 -0.20 GCP 123N 1562.9 1241.8 1562.9 1241.6 

GCP0012 0.11 -0.09 -0.07 GCP 123N 3786.0 777.4 3785.9 777.3 

GCP0013 0.18 -0.13 -0.13 GCP 123N 2242.3 931.4 2242.2 931.2 

GCP0014 0.03 -0.02 -0.03 GCP 123N 2571.2 3290.3 2571.2 3290.3 

GCP0015 0.22 -0.13 -0.17 GCP 123N 2143.9 2554.5 2143.7 2554.4 

GCP0016 0.13 0.12 -0.06 GCP 123N 3605.9 1335.9 3606.1 1335.9 

Table 7: Planimetric accuracy error report generated by Orthoengine (PCI 
Geomatica); Res= residual; 123N= ASTER scene; Comp= SRTM3-DEM (reference 
image). 

 

The average planimetric accuracy report in X and Y direction is the result of the 

orthorectification process. The sixteen Ground Control Points (GCPs) depicted in 

Table 7 are used to carry out a geometric correction. The original image (123N) and 

the reference data (comp) are input to mathematical model defined in an early stage 

of the ASTER image processing routine (see fig.24). 
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Figure 24: Orthoengine Satellite model workflow to  
produce orthorectified end products (Geomatica, 2007). 

 

5.2.5 Supervised landcover classification 

Mapping vegetation and landuse using remotely sensed data is today a common 

practice. Landcover classification techniques are a set of well established analysis 

methods that can be widely divided into two broad groups: object-oriented 

classification and pixel-based classification (de Jong und van der Meer, 2006). In this 

investigation a pixel based classification technique is used. Pixel based classification 

techniques use the spectral pattern of each pixel of the data as a numerical basis for 

the categorization (de Jong and van der Meer, 2006). In this case the term pattern 
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refers to a set of radiance measurements obtained in the various wavelength bands of 

each pixel (Oruc et al., 2001). 

According to Lillesand and Kiefer (1994), pixel based classification techniques can 

be divided into three categories depending on the type of statistical classifier 

implemented. These are minimum-distance, parallelepiped and maximum likelihood 

classification (Lillesand and Kiefer, 1994). For the purpose of this investigation a 

supervised image classification using the maximum likelihood classification 

technique is performed. Maximum likelihood classifier (MLC) allocates each pixel to 

the class with which it has the highest a posterior probability of membership and is 

calculated from (see Eq. 2).  

k
xiL( ) = 
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ixp
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ki

P
P
∑1

  [Eq. 2]  (de Jong and van der Meer, 2006) 

Where, 

k
xiL( ), represents the posterior probability of pixel with the data vector xk

 

belonging to the class i,  

Pi
 is the priori probability for class i, 

And c is the total number of classes. 

In the case of a supervised classification, the MLC allocates each pixel in the image 

to one of the classes defined by the analyst (de Jong and van der Meer, 2006) 

The supervised land cover classification (SLC) presented in this paper is a modified 

level I land cover classification. As input, an orthorectified ASTER image was used. 

For this purpose, the channels 1, 2 and 3 were selected. Bands 1 and 2 pertain to the 

visible range and band 3 pertains to near infrared range (Kääb, 2004). The training 

sites were defined using the Focus module in PCI Geomatica. 
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The goal of this SLC is to differentiate forested areas, from agricultural land and 

built/soils and rock outcrops on a regional scale. Its realisation is considered to be 

complementary to this investigation. For this reason the level I is chosen. 

The number of levels refers to the degree of detail of the classification, and ranges 

from I to IV, where Level I represents the coarsest one and level IV constitutes the 

most detailed one (Anderson et al., 1976).  

A level I classification consists of nine broad categories. They are: urban/built, 

agricultural land, range land, forest land, water, wet land, barren land, tundra and 

perennial snow or ice (Anderson et al., 1976). Given the objective of this 

investigation only four categories were considered relevant.  

In addition, an extra category named bare soil and rock was included and merged 

with urban and built category, since both objects where found to have a similar 

spectral pattern, when using bands 1, 2 and 3. 

The result is a land cover classification depicting 4 coarse classes: urban and 

built/rock/bare soil, water, forested areas (vegetation) and agricultural land (see Fig. 

25).  

Misclassification errors in the SLC classification map are mainly observed on steep 

forested slopes. In these areas, shadows are misclassified as water bodies (see Fig. 

25). Further errors are observed in stream channel domains, where stream channels 

are misclassified as agricultural land.  

These misclassification problems can be, on one hand attributed to the coarseness of 

the defined classes and on the other hand, to the selection of the bands used. Possible 

solutions regarding to this are briefly addressed in the discussion section.  
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Figure 25: Level I supervised land cover classification using maximum 
likelihood classifier depicting four broad categories. 

 

5.2.6 SLC accuracy assessment 

To assess the accuracy of the supervised classification, thirty samples were randomly 

generated using the Focus module in PCI Geomatica. In this interactive process 

random samples are automatically generated based upon the predefined training sites 

and the reference image (orthorectified ASTER scene). 

In the next step the analyst has to decide if the value assigned randomly to the pixel 

on the reference image is consistent with his interpretation. The overall accuracy of 
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the supervised classification using the random sampling method resulted in 66.67 % 

accuracy (see Table 8). 

 

Class name Producer´s 

accuracy 

95% confidence 

interval 

User´s 

accuracy 

95% confidence 

interval 

Kappa 

Statistic 

Vegetation 71.429% (30.819% 112.038%) 71.429%  (30.819% 112.038%) 0.6273 

Water 0.000% (-50.000% 50.000%) 0.000% (-50.000% 50.000%) 0.0345 

Urban/soil/rock 69.231% (40.295% 98.166%) 81.818%  (54.480% 109.157%) 0.6791 

Agricultural 

land 

66.667% (30.313% 103.021%) 54.545% (20.574% 88.517%) 0.3506 

Overall Accuracy: 66.67%  

Confidence Interval (48.13% - 85.20%) 

Overall Kappa Statistic: 0.507  

Overall Kappa Variance: 0.014 

Table 8: Accuracy statistics report for the supervised maximum likelihood 
classification generated by PCI Geomatica.  

 

The overall Kappa statistic of the supervised land cover classification indicates an 

agreement equal 0.507 between observed values and the expected values (see Table 

8). The expected values were generated by chance through the random sampling 

method explained above and is calculated through a confusion matrix also referred to 

as contingence table (Hagen, 2002). Kappa index expresses the maximum possible 

agreement between the two data sets, and is obtained as the ratio of the observed 

agreement and the agreement determined by chance (Hagen, 2002). This index ranges 

between 0 and 1, where 1 denotes perfect agreement and 0 denotes no agreement 

(Hagen, 2002). The relative low overall accuracy (66.67%), stem from the selection 

of the bands and the coarseness of the classes. Low spectral contrast between band 1 
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and 2 might have contributed to these poor results. However due to time constrain 

further improvement was impossible. 

5.3 Distributed Melton´s Ruggedness Number (DMRN) 
calculation.  

Ruggedness is one of the most commonly used morphometric measures to identify 

debris torrent basins (Rowbotham et al., 2005). MRN is a dimensionless index of 

basin ruggedness, that normalises the basin relief by areas (Marchi and Fontana, 

2005; Rowbotham et al., 2005) In former studies conducted in the Front Ranges of 

the Canadian Rocky Mountains (Jackson et al., 1987), Coast Mountains of British 

Columbia (de Scally et al., 2001) and in the Eastern Italian Alps (cf. Marchi and 

Fontana, 2005), the MRN was able to differentiate debris - flow prone basins from 

non-debris-flow prone basins (cf. Jackson et al., 1987; de Scally et al., 2001), and to 

identify channels with high sediment transport capacity from those with low sediment 

transport capacity (Marchi and Fontana, 2005). In spite of the slightly to strongly 

divergent results obtained in different studies (cf. Jackson et al., 1987; de Scally et 

al., 2001; Marchi and Fontana, 2005) researchers agreed upon a threshold value 

range, that is summarized and used as guideline for this investigation (see Table 9). 

 

Threshold values Characterised process 

≤ 0.3 flood basins 

0.3< x <0.6 Related to debris floods 

>0.6 Debris flows 

Table 9: Threshold values of MRN (Jackson et al., 1987; de Scally et al., 
2001; Marchi and Fontana, 2005). 
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The MRN was devised as a concentrated morphometric parameter calculated from, 

A

HH
MRN

5.0

minmax
−

=    [Eq. 3]   (Melton, 1958) 

Where; 

Hmax and Hmin are maximum and minimum elevation within the basin 

And A
0.5

 is the drainage basin area.  

In this paper the Melton Ruggedness Number is calculated in a distributed form. i.e., 

the ruggedness for each grid cell of the SRTM3-DEM is calculated. For this purpose 

the original equation was modified, resulting in,  

 

A
HH caveDMRN

5.0

−
=     [Eq. 4]  (Marchi and Fontana, 2005) 

Where; 

Have is the average height of all upslope cells over each other, 

Hc is the height of the considered cell  

And A
0.5

 is the drainage basin area in square metres.  

Have - Hc also referred to as catchment height, was calculated using an upward 

recursive hydrological method in SAGA GIS (see Fig. 26). This hydrological method 

is based on a Multiple- Flow-Direction Algorithm (MFDA) (Olaya, 2004). 

The MFDA uses one set of computation for sloping areas in the inside the watershed 

and another set of computation for flat areas, thus allowing flow divergence to be 

represented (Gallant and Wilson, 2000). 
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Figure 26: Catchment height calculated in SAGA GIS using the upward 
recursive method. Values represent the average height (metres) of the 
upslope cells over each other (Olaya, 2004). 

 

Subsequently, the catchment height raster is used as input in ArcGIS 9.2 to calculate 

the DMRN through the implementation of equation four (Eq. 4) into a map algebra 

expression in spatial analyst (ArcGIS 9.2) (see Eq. 5 and Figs. 27 and 28). 

 

DMRN= [Catchment height] / Sqrt(A) * 100    [Eq. 5] 

Where Sqrt(A) is the entire area of the Chama River Basin  

And catchment height is equal to Have - Hc in equation four. 
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Figure 27: Workflow to calculate the DMRN and potential source areas 

 

 

Figure 28: Distributed Melton Ruggedness Number 
(DMRN )of the Chama River Basin. 
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5.4 Modelling potential debris flows  

Debris flows are rapid mass movements composed by solid particles and water, 

moving together at the same velocity in a single viscoplastic body (Costa and Pierson, 

1988). Solid components may constitute 47% - 77% of the entire debris flow, and are 

usually poorly sorted (Costa, 1987). 

In this paper potential debris flows are modelled using a Modified Single Flow 

(MSF) model. MSF model is based on a single flow direction algorithm, where 

central flow line follows the direction of the steepest descendent, and was developed 

by Huggel et al. (2003) (Huggel et al., 2004). 

However, single flow algorithm is unable to adequately simulate the spreading 

behaviour of debris flows in less steep terrain and unconfined zones (Huggel et al., 

2004). To solve this limitation the model was modified by integrating a function that 

allows the flow to diverge up to 45º in unconfined and less steep terrain (Huggel et 

al., 2004). 

This modification makes the model capable of simulating the different characteristics 

of debris flows in confined channel sections (stream channels), and flat or convex 

terrain e.g. alluvial fans (Huggel et al., 2004). Modelled debris flows stop when an 

average slope of eleven degrees (11º) is reached. This last parameter can be modified 

to fit site specific characteristics, where detail information regarding the behaviour of 

debris flows exists. For the study area this information was not available. 

The MSF model requires the delineation of debris source areas (Huggel et al., 2004; 

Fischer, 2004). In this investigation potential source areas inside basin domains are 

delineated using ArcGIS 9.2. As input, a SRTM3-DEM with a 90m resolution was 

used. The DMRN map is used as a decision tool for selecting potential source areas.  

Basin areas with a DMRN threshold value of 0.34 are interpreted as areas with high 

sediment dynamic. The DMRN also indicates which parts of the basin have a high 

sediment supply capacity and where these sediments will potentially deposit (Marchi 

and Fontana, 2005). These sections with a high DMRN threshold value (0.34) can 
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therefore be interpreted, as potential deposition areas (Marchi and Fontana, 2005). In 

the DMRN map, these zones can be observed in the proximity of ridges, along stream 

channels and in flat areas i.e. alluvial fans (Fig. 28). For the purpose of this 

investigation only potential deposition areas in the proximity of ridges, along first and 

second order stream channels were selected. Subsequently, they are used to delineate 

potential debris flow source areas.  

The decision of selecting only these areas was based on the observations from 

Wieczorek, 1986, Jackson et al. 1987, Eisbacher and Claque, Lafaille and Ferrer, 

2005 and Tofani et al. 2006, among others (see Ch. 3. theoretical background). As a 

result 53 potential start cells (potential debris flow source areas) were delineated (see 

Fig 29). 

 

 

Figure 29: Potential debris flow source areas in the Upper 
Chama River Basin delineated with help of the DMRN. 
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Figure 30: MSFM calculation workflow. 

 

The delineated polygons shown in Fig. 29 were rasterised, and used as start cells 

(source areas) to generate the potential runout and deposition areas for debris flows 

along the Upper Chama River Basin (see Fig. 30). Potential runout and deposition 

zones are differentiated from each other through the convergent (confined channels) 

or divergent (flat or convex terrain) behaviour of the modelled debris flow (Huggel et 

al., 2004). The model was run as an AML (Arc Macro Language) script using the 

Workstation /Arc Info in ArcGIS 9.2., thus resulting in 48 potential debris flows 

(runout and deposition zones), out of the 53 source areas (see Fig. 31). 

The model also calculates the probability for a point (cell) to be reached by a debris 

flow i.e., debris flow reach probability (DFRP). It is based on a lineal function that 

defines that the more the flow diverges from the steepest descendent direction the 
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greater is the resistance, and therefore the lower the probability for a point or cell to 

be reached (Huggel et al., 2004) (see Fig 31). It values ranges from 1 to 0.5, where 1 

represents high probability and 0.5 indicates low probability (see Fig 31). 

 

 

Figure 31: Debris flow map showing potential runout and deposition zones 
for debris flows in watershed domains along the Upper Chama River Basin. 
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5.5  Validation data for the DMRN and the potential debris 
flow model 

The accuracy of the DMRN and the debris flow model is assessed using a 

combination of data collected from different sources i.e. field excursions (see 

Appendix A), literature, a pedo-geomorphologic map (Contreras, 2005) and visual 

assessment of the ASTER image (15m) in Arc Scene. 

The field excursions were carried out in a period of time of three weeks between the 

1
st
 of November and the 25

th
 of March (see Appendix A and B). The criterion to 

select this time span stem from the precipitation seasonality. This period of time 

represents the second dry season of the year, and was considered to be the most 

appropriate to conduct the fieldwork (see Fig. 32). 

During the field excursions, GPS data was collected about the exact location of 

historical debris flows occurred in this zone, using a hand held Garmin eTrek GPS 

receiver. Subsequently, the pedo-geomorphologic map (cf. Contreras, 2005) was 

reassessed and compared with the field observations, and with the 15m resolution 

ASTER image. As result a total of 21 alluvial fans were digitalised and visually 

compared to the DMRN map and the potential debris flow map (see Fig. 33). 
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Figure 32: DMRN and MSFM validation workflow 

 

 

Figure 33: Alluvial fans and historical debris flow events. (1) Montalbán 
debris flow, (2) El Balcón debris flow and (3) Las Calaveras debris flow. 
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6. Discussion 

Debris flows in the Venezuelan Andes are natural geomorphologic processes 

reflecting the capability of this regional mountain system to produce high amounts of 

sediments. This high sediment supply capability is expressed in the DMRN results in 

form of potential deposition zones. As the DMRN indicates, these zones are located 

in the proximity of ridges, along stream channels and on flat areas.  

Debris flows in urban and agricultural areas, cause damage to private and public 

property, disruption of local economies and loss of human lives (Lafaille and Ferrer, 

2005) 

Modelling debris flows and their reach probability, on a regional scale with help of 

morphometric indicator i.e. DMRN, can be observed as preliminary step for more 

detailed studies, especially in those areas where debris flows events have been 

registered.  

In this investigation, a combined approach of remote sensing techniques, 

morphometric and hydrologic parameters was applied, leading to the results to be 

discussed in this chapter. 

6.1  Debris flow model results 

Modelling natural processes using computational tools implies the simplification of a 

more complex reality present in nature. Despite of this constrain, computerised 

modelling, like the Modified Single Flow Model (MSFM), has proved to be a useful 

tool, and has been successfully applied in different field of investigations related to 

hazard assessment (Huggel et al., 2004; Fischer et al., 2006).  

In the case of the Venezuelan Andes, the MSFM was able to simulate the runout and 

deposition areas for 48 potential debris flows, out of the 53 source areas delineated 

with help of the DMRN. This represents 90.96 % of the total potential source areas. 

The remaining 5 potential source areas (9.04%), from which the MSFM was unable 
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to model the runout of debris flows, are attributed to existence of grid cells with 

slopes values <=11º, which is the threshold value where the modelled debris stops.  

Comparing the potential debris flow modelling outcomes with the results of the SLC, 

the orthorectified ASTER scene (15m) and the reassessed pedo-geomorphologic map 

the following could be determined: 67.92% of the potential debris flows will reach 

urban areas or agricultural land and 20% will reach alluvial fans, if occurred (see 

Table 10). 

 

 

 

 

 

 

Table 10: Summary of potential debris flow modelling results  

 

Regarding the debris flow reach probability (DFRP), the highest probability i.e.(=1), 

is found in the proximity of the defined source areas, at the base of steep slopes (30º 

50º) or in the confluence two modelled debris flows.  

In the first two cases the high DFRP values can be explained by the steepness of the 

terrain (steepest descent direction).  

In the third case, high DFRP value are related to the flow convergence of the two 

modelled debris flows rather than steepness of the terrain. Flow convergence is here 

regardless the flatness of the terrain interpreted by the MSFM as high probability.  

Low values of DFRP i.e. 0.5, indicate that in these areas the flow diverts from the 

steepest descent direction, thus increasing the flow resistance. In general the MSFM 

No. of delineated source areas 53 (100%) 

No. of potential debris flows successfully 

modelled by MSF 

48 (90.96) 

No. of potential debris flows reaching urban or 

agricultural land, if occurred 

36 (67.92%) 

No. of potential debris flows reaching alluvial 

fans domain, if occurred  

11 (20%) 
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using a SRTM3 (90m) indicates that DFRP in the study area, except for the cases 

addressed above varies between moderate (<1) and low (= 0.5).  

6.2  Landcover type and its relationship to high DMRN 
values 

Visual assessment is a well recognised method and is often used in geographic 

information analysis (Huggett and Cheesman, 2002). For the purpose of this 

investigation the relationship between land cover types and high DMRN values, is 

assessed using a comparative visual assessment method.  

On this regard, high DMRN values (=0.34) are observed in both forested and 

agricultural areas. The sections of the stream channels that show a high DMRN in 

forested areas, are those located in the proximity of ridges with slopes ranging from 

17º to 30º. This indicates that the high DMRN values in these areas can be associated 

to relief differences rather than to vegetation types.  

The fact that forested areas and high DMRN values coincide in this section of the 

slope, responds to altitudinal gradient and slope changes. These two topographic 

parameters control the vegetation spreading on both ranges of the study area and 

influence the production and transport of sediments in stream channels. 

6.3 DMRN and DEM dependency 

The DMRN presupposes the availability of sediments as a function of terrain 

roughness. The resolution and quality of the DEM strongly influences the way terrain 

surface is represented. As a relief dependant morphometric indicator, the DMRN is 

susceptible to the topographic variation stemming from the DEM data set.  

Another factor that influences the results of the DMRN is the hydrological method 

selected to calculate the catchment height (Have - Hc), which is a key input to the 

calculation of the DMRN. In this investigation the upward recursive processing 

method was used. This method is based on a Multiple Flow-Direction Algorithm 



____________________________________________________________________ 80 

(MFDA). Other hydrological method that uses different flow algorithms can therefore 

produce divergent results. 

6.4 Landcover types and debris flow 

Based on visual assessment of the supervised land cover classification it was 

observed that debris flows in this area present a non-preferential behaviour. They 

occur in forested and agricultural areas, and follow already existent stream channels.  

Given the few real events registered in this section of the Upper Chama River Basin it 

is impossible determine if a relationship between debris flows, land cover types in 

this zone exists. 

6.5 Land cover classification and rugged terrain 

The implementation of land cover classification on this rugged terrain was mainly 

limited by the topography, the coarseness of the land cover classes and the selection 

of channels. Misclassification errors in the final results stem from steep forested 

slopes and stream channel areas. Shadows in steep forested areas are misclassified as 

water bodies and the stream channel areas, are misclassified as agricultural areas. 

These errors are attributed to the coarse level of classification (level I) and the 

selection of channels (1, 2 and 3) used for this investigation. Due to time constrain it 

was not possible to try other bands combination. To improve these results a more 

detail class categorisation is suggested, as well as, a wider selection of channels 

spectrum. Given the terrain variation (topography) and the mixture of vegetation 

types on tropical mountains the use of a multispectral approach is recommended.  

6.6 Scale dependency  

Scale plays a very important role in the relationship between superficial sediments, 

landforms and processes. The same study area observed at different scales will 
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present different level of detail. Therefore, studies at a regional scale i.e. 1:100,000 to 

1:250,000 present a lower level of detail in favour of larger coverage area.  

In the case of digital data, the scale is determined by the resolution of the data set 

used. This scale dependency influences the performance of the models applied, thus 

resulting in different model outcomes, depending on the scale or resolution of the 

input data used. 

The resolution of 90m used in this study proved to be adequate to determine potential 

source areas, as well as, to modelling the potential occurrence of debris flow on a 

regional scale. It also was adequate to produce realistic result regarding the sediment 

dynamics and supply capacity of this regional mountain system. 

6.7  Model dependency 

Models are a simplified representation of a more complex reality. Parameters and 

structure of a specific model influences therefore its outcomes. On this regard, 

different models might produce different results. This model dependency constitutes 

an important aspect to be considered when modelling complex geomorphologic 

processes such as debris flow. On this regard both, the DMRN and MSFM show 

divergent results in some sections of the potential deposition zones on flat terrain i.e. 

alluvial fans. These differences stem from the flow algorithms used for the 

calculation of each of these models.  

As already discussed in section 6.3, the DMRN used the upward recursive processing 

method, based on a Multiple- Flow-Direction Algorithm (MFDA). The MSFM on the 

other hand is based on a Single Flow Algorithm (SFA) (see section 5.4). DMRN 

based on MDFA shows a better performance in flat areas, thus allowing a better 

representation of potential deposition zones. 
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7. Conclusions 

This study proves that the combination of remote sensing data (SRTM3 and ASTER) 

with morphometric and hydrologic parameters is suitable for modelling 

geomorphologic processes on a regional scale. 

Despite of the complex characteristics of rugged terrain and the limitations stemming 

from the structure of the models used and their DEM dependency, the results of the 

DMRN and MSFM in the Venezuelan Andes are considered to be realistic. With 

reference to the hypotheses formulated at the beginning of this investigation, the 

following conclusions can be drawn: 

1. The DMRN is useful to determine potential debris source areas in watershed 

domains. Furthermore, it provides a general view of the level of dissection of 

the watershed based on relief variation, thus allowing differentiating areas with 

high sediment dynamic from those with low sediments dynamic. 

2. MSFM was able to model runout and deposition zones for potential debris 

flows along the Upper Chama River Basin, using a SRTM3-DEM with a 

resolution of 90m. The areas where the potential debris flow model shows a 

short runout are consistent with the presence of grid cells with slopes <= to 

11º, which is the stopping threshold value for the modelled debris. 

3. The results of the supervised land cover classification cannot be related to the 

debris flow frequency. The few debris flows documented in this section of the 

Chama River Basin are not considered representative to draw final 

conclusions. 

4. Land cover type and high DMRN values are linked to each other through 

topographic variables. Vegetation was found to be a function of altitudinal 

gradient, while high DMRN values are determined by slope changes and relief 

differences. 
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5. On a regional scale the level of detail (level I) of the supervised land cover 

classification was adequate to differentiate between coarse land cover types, 

but insufficient to determine vegetation changes in channels domains. 

Misclassification errors derived from the coarseness of the classes, the channel 

selection used (lack of contrast between spectral classes). These problems can 

be solved through the implementation of a multispectral approach and the 

diversification of the classes.  

7.1 Possibilities of a combined approach for modelling 
potential debris flows on a regional scale 

Debris flows in watershed domains are mainly determined by water availability, 

sediment supply and gravitation, as function of topography.  

For this reason they can also be observed as an interface between fluvial and 

gravitative processes. This requires an interdisciplinary approach that implicitly 

captures the hybrid nature of these geomorphologic processes. 

The use of remotely sensed data, hydrologic and morphometric parameters proved to 

be adequate to accomplish this goal. Main advantage of this method, stem from the 

combination of parameters and techniques rather than from its single components. 

On this regard the DMRN, used as an indicator of sediment dynamic, combined with 

other methods i.e., the MSFM and techniques i.e., remote sensing led to a better 

understanding of the processes that influence debris flow behaviour in soil and 

vegetation covered-hillsides in watershed domains along the Upper Chama River 

Basin.  

Understanding the behaviour of debris flows is a crucial factor to establish the hazard 

probability that these natural processes pose for the population located their path and 

deposition zones. 
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7.2 Limitations 

7.2.1 Models limitations 

Regarding to the limitations of the model, it is important to mention that the DMRN 

and the MSFM consider neither the volume of the potential source areas, nor the type 

of material available. This deficiency can be however counterbalanced by extensive 

surveying in watershed domains or by using more advanced models in combination 

with the models here proposed e.g. 3D dynamic models.  

Difficulties also arise from the different flow algorithms used for the calculation of 

both models and their DEM dependency. This generates slightly different results in 

some sections of the depositions zones located in flat areas. 

7.2.2 Interpretation limitations of the DMRN results 

Interpretation problems of the DMRN results are also considered a limitation. The 

MDFA used to calculate the catchment height does not differentiate between 

potential deposition zones. When, using the DMRN to delineate potential source 

areas for debris flow, these results can lead to confusion. In areas where debris flow 

initiation threshold values are unknown, this information should be complemented by 

topographic derivatives like local slope, aspect and curvature (profile and plan). 

7.3 Perspective to further research 

Debris flows in the Venezuelan Andes region are common geomorphologic 

processes. They reflect the capacity that this mountain system has to produce high 

amounts of sediment. As the population increases debris flow buffer zones are 

converted into residential areas or agricultural land. This introduces a conflict 

potential between the human system and the geomorphologic system. For human this 

conflict translates into a potential hazard. 

Regional scale studies, like this research help to understand the interrelationship 

between these two systems and serve as guideline for further and more detailed 
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investigations related to hazard analysis. For future studies a downscaling of this 

approach is suggested. The inclusion of topographic derivatives like slope, aspect, 

curvature and wetness index are recommended, as well as more detailed land cover 

classification with emphasis on stream channel domains.  
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Appendix A 

Field excursion description 

This appendix describes in details the three field excursions carried out in the study 

area between the 1
st
 of November and the 25

th
 of March. 

 

Date Wetter/temperature Field Observation 

Nov. 1, 2006 Alternating rain-

sunny / 25ºC 

12:30 Las Calaveras debris flow (6 hrs after 

event). GPS data collection.  

Debris flow event in watershed domain, with 

source area on the upper part of the catchment 

in Las Calaveras sector ( 10 km from Mérida 

City)  

Traffic disrupted for two days. 12 houses 

destroyed and four causalities.  

Unstable loamy-sandy soils on steep slopes 

under saturated conditions along the Pan-

American road observed. 

Nov.10, 2006 Sunshine / 27ºC 13:00 GPS data collection at El Bálcón Sector. 

14: 00 Photograph of the Bálcon landslide from 

the north range side. 

14:30 Observation of subsurface runoff.  

Jan. 25, 2007 Sunshine /27ºC 

day/-1ºC night 

8:00 GPS data collection. Observation of 

torrential streams in the forested and periglacial 

areas. 

17:00 Observation of fluvio-glacial deposits on 

the upper part of torrential streams. 

Jan. 26, 2007 Sunshine /25ºC 

day /-1ºC night 

Rocks deposits accumulated on the based of 

steep U-shaped valleys. 

 

Jan, 27, 2007 Sunshine /25ºC 

day /0ºC night 

Periglacial landscape. Cirques, moraines, sparse 

vegetation and rock outcrops. GPS data 
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collection. 

Feb.1, 2007 Sunshine /30ºC Tropical thorn woodland. Strong erosion 

processes and marked debris flow activity 

observed. 

 

Mar. 20, 2007 Alternating rain/ 

sunshine / 30 ºC 

Visit of Ejido City. GPS location of t alluvial 

fan created by the Montalbán debris flow. 

Today used as residential area.  
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Appendix B 

Photo documentation 

 

 

Photo C.1: Debris flow in Las Calaveras sector. 
Source areas visible in the upper part of the  
small watershed (Nov. 1, 2006)  
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Photo C.2: Middle section of the Las Calaveras debris flow. Mudlines on 
the buildings indicates the maximum water level during this event (Nov. 1, 
2006).  

 

 

Photo C.3: Water saturated loamy-sandy soils on steep hillslope at the Pan-
American road (Nov. 1, 2006) 
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Photo C.4: Landslide and debris flow El Balcón photo taken from the north 
Range (Nov. 10, 2006).  

 

 

Photo C.5: Fluvio-glacial deposit in the Conejos Valley (center). Braided 
torrential stream, (right) (Jan. 26, 2007) (Photo taken by G. Volkhard, 2007) 
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Photo C.6: Rock deposits in U-shaped valley at the base of steep  
slopes (upper left and right), upstream from torrential river. Old sediments 
are covered by highland vegetation (Jan. 27, 2007)  
(photo taken by G. Volkhard in Feb. 2007).  

 

 

Photo C.7: Tropical thorn woodland showing strong erosion processes  
and a marked debris flow activity over a local road (bottom) (Feb. 1, 2007)  
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Photo C.8: View over of Ejido City (Montalbán watershed) (INGEOMIN, 
2006) 
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Appendix C 

Topographic Maps 

 

 

Topographic map 1:100,000 (sheet number 5941) with Mérida City and Ejido City 
(upper right) (MARN, 1977) 
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Topographic map 1:100,000 (sheet number 6042) shows the northeast part of the 
study area. 
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