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A B S T R A C T 

In the research presented here, a global inventory of fatal landslides has been generated 

allowing the investigation o f the spatial distribution and temporal occurrence of mass 

movement events. There are important regional differences within these data with Asian 

fatalities being characterised by high frequency, low magnitude landslide events. In 

comparison, high magnitude events were found to be responsible for the high fatality totals 

in the Americas. This research has demonstrated that the spatial distribution o f fatal 

landslides is best explained by a combination o f physical and social factors and has yielded 

some interesting results. 

87% of the fatal landslide events recorded within the database were triggered by high 

intensity of prolonged rainfall events associated with tropical cyclones or monsoon rainfall 

that are compounded in areas of high relief associated with tectonically active mountain 

belts. Increasing landslide impacts are often associated with less developed countries, 

where there is rising population density, rural to urban migration, growth of megacities, and 

severe land degradation. However, the results indicate that the occurrence of landslide 

fatalities are not simply a function of level of development o f a country or population 

density but that fatalities predominantly occur within middle income countries and rural 

areas which are increasingly vulnerable to landslide disasters. This can be attributed to 

changes in physical systems, most notably climate variation. 
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CHAPTER 1 INTRODUCTION 

1 I N T R O D U C T I O N AND P R O J E C T R A T I O N A L E 

The 'impact of landslides in the world is considerable, though not well known'. 

(Brabb, 1989: V I I I ) 

1.1 Introduction 

Landslides are one o f the most destructive geological processes and are a major cause of 

loss of life and economic damage (Brabb, 1993). For example, in 2004 there were more 

than 7,000 fatalities from landslides worldwide (ILC, pers comm.). Major disasters 

included Haiti, where torrential rains from Hurricanes Jeanne and Ivan triggered extensive 

landsliding causing >3,000 fatalities (UNEP/OCHA, 2004) and the Philippines where 

>1,000 people were killed by typhoon-triggered mudslides (IFRC, 2004). 

Figure 1.1 shows the number o f fatal landslide events and the number of landslide related 

deaths recorded per year between 1975 and 2004 by the Centre for Research on the 

Epidemiology of Disasters (CRED) which reported an average o f 530 fatalities per year, 

with -350 fatalities recorded for 2004. There is clearly a discrepancy between the total 

figures recorded by the hitemational Landslide Centre (ILC) and CRED which raises a 

number o f questions regarding the global occurrence of fatal landslide events. 

The data also shows an overall increase in the number o f fatal landslides and associated 

fatalities between 1975 and 2004 (figure 1.1). Initially, the most obvious explanation for 

the rising occurrence of fatal landslides is an increase in the level of geological and 

meteorological activity triggering mass movement, which is in conflict with the general 

1 
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acceptance that long-term frequency of natural events has remained more or less constant 

(Chapman, 1994; Uitto, 1998). The increase in the impact of landslide activity has 

therefore been ascribed to human and social factors, rather than to changes in the physical 

systems. For example, increasing landslide impacts are largely associated with less 

developed countries, deforestation, changes in farming practices and rising population 

densities (Hewitt, 1997; Alcantara-Ayala, 2002). However, and perhaps surprisingly, this 

is largely based on anecdotal evidence with limited, if any, empirical data to justify these 

observations. 

1200 I 
O 15 1000 

+ 200 

Year 

• Number of landslide events - Number of fatalities 

Figure 1.1 The number of landslide disasters and landslide related deaths recorded between 

1975-2004 (adapted from EM-DAT - O F D A / C R E D International Disaster Database, 

2005). 
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1.2 Research context 

As part o f the International Decade of Natural Disaster Reduction (1990s), the International 

Geotechnical Societies UNESCO Working Party on mass movement proposed a world 

inventory of landslide events (Brabb, 1993; Guzzetti et al, 1994 and UNESCO, 1990). It 

was recognised that compiling a detailed inventory and mapping and analysing the 

occurrence of groups of landslides globally, would enable the identification o f the broader 

processes active over a number of sites that contribute to slope movement (Cruden and 

Brown, 1991). However, despite an encouraging start, there are no evident outputs and the 

project appears to be stillborn. 

Focusing on landslide fatality data specifically, Guzzetti (2000) undertook a brief analysis 

o f the available information. The report concluded that while a substantial volume of 

literature has been published, few data on the total number o f fatalities and the average 

number of deaths per year are available. In addition, it was felt that the figures reported 

were largely incomplete and misleading. Preliminary studies suggest these data 

underestimate the impact o f landslide activity, with many low magnitude fatal landslide 

events, particularly in rural areas going unreported. Landslide fatalities are often reported 

as the result of the processes inducing the slope failure for example, earthquakes and high 

intensity precipitation events, rather than being attributed to landslide activity per se (Jones, 

1992). 

1.3 The International Landslide Centre database 

The International Landslide Centre at Durham University has compiled an inventory of 

fatal landslide events fi-om 1900 to the present day, with a more detailed inventory fi"om 
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2002. While it is recognised that there are flaws in using fatality data as an indicator of 

landslide activity, this research suggests that such data is reasonably reliably recorded, even 

in remote areas and less developed countries, providing a relatively reliable and spatially 

consistent dataset for analysis (Petley et al, 2005). 

The archive records >1500 landslides including soil/rock failures in the form of slides, 

flows, falls and debris flows, where these can be clearly differentiated from flood events. 

Data are collected on a daily basis from sources including newswire reports, academic 

papers, government data and aid agency reports. The key information extracted includes 

the date, location (national, regional and local), landslide type, size, the triggering 

mechanism, the number o f fatalities, the number o f people injured, the number o f people 

reported missing, details concerning the landslide impact and the source o f the information. 

However, prior to the undertaking o f this study limited analysis o f the compiled database 

had been undertaken. 

1.4 Taiwan 

While the research undertaken primarily focused on the global scale, Taiwan was selected 

as a case study to evaluate the quality and completeness o f the database and to address 

issues o f location precision. Taiwan is highly susceptible to landsliding and as a result 

many disasters occur aimually. The island was therefore a statistically viable case study for 

investigation with relatively robust landslide datasets available for analysis. 

hi many respects Taiwan is a-typical in relation to global landslide activity: 

• The land mass is seismically active. 
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Taiwan sits on an active fault between the Philippine Sea plate and the Eurasian 

continental plate (Wang and Burnett, 1990) making the land mass seismically active 

(figure 1.2). Many landslides are triggered by earthquake events (Chang, 1996), for 

example, the 1999 Chi-chi earthquake triggered approximately 10,000 mass 

movements across the island (Wang et al, 2003). 

• Taiwan is characterised by mountain terrain. 

Approximately 70% o f the island is comprised of upland areas (Hung et al, 2002). 

-as'N 

•23* 

\-ir 

21' 

Changh 
Fault 

PeikaiigHI 

P H I L I P P I N E S E A 
P L A T E 

Figure 1.2 The tectonic and structural setting o f Taiwan (Shou and Wang, 2003 adapted 

from the Central Geological Survey o f Taiwan, 1986; Lacombe et al, 1999). The large 

arrow shows the direction o f convergence o f the Philippine Sea Plate and the heavy lines 

correspond to the major thrust faults. 
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• Taiwan is associated with high precipitation inputs. 

The island is located in the subtropics, with an annual precipitation o f >2000 mm 

due to the high frequency o f typhoons. Landslides are commonly induced by 

rainstorms associated with these typhoon events (Hung et al, 2002); for example, in 

2001 typhoon Toraji triggered widespread landsliding in the central and eastern 

regions (Wang et al, 2003). 

1.5 Research objectives 

The aim of the research was to analyse the spatial patterns and controls governing the 

global occurrence o f fatal landslides. This was explored through four detailed research 

objectives outlined below. 

/ . To create a workable database from the existing long term inventory compiled by 

the International Landslide Centre. 

The ILC database was compiled to provide a record o f fatal landslide occurrence; 

however the quality of the data and the completeness of the catalogue varied 

considerably throughout. A n attempt was made to enhance the existing database 

using a range of sources including online media information, aid agency and NGO 

reports and scientific literature. Where possible dates, locational information and 

fatality data were cross checked between a number o f sources to increase the 

reliability of the dataset. 

2. To map the distribution of landslides to create a global spatial landslide inventory. 

A spatial inventory in the form o f a digital map was created from the global 

landslide data set using GIS (Geographical Information System) software. GIS 
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enables the effective management of the large volume of complex, spatial data held 

within the landslide database. To enable the mapping o f the landslides, the events 

were fu-st located and spatially referenced, with the latitude and longitude 

determined for each individual landslide event. 

3. To investigate the spatial distribution of landslides in relation to potential human 

and physical causative factors. 

A series of data sets based upon a range of human and physical causative factors 

were integrated with the spatial landslide data. GIS was used to present and 

manipulate this information in the form of layers, enabling extensive digital and 

qualitative analysis o f the spatial relationship between fatal landslides and their 

causative factors. Both spatial and temporal analysis was undertaken and this 

involved analysing the spatial distribution patterns on a sub-regional, regional and 

global scale. 

4. To evaluate the completeness of the landslide database. 

An attempt was made to evaluate the completeness of the ILC landslide database. 

Comparisons were firstly made with other established global landslide fatality 

datasets including the EM-DAT Disaster Events Database compiled by the Centre 

for Research on the Epidemiology of Disasters, University o f Louvam, Belgium and 

the global inventory compiled by Alexander (2005). Fieldwork was also undertaken 

in Taiwan and a link established with the National Taiwan University in Taipei, 

with the aim of analysing Taiwan's national landslide inventory in relation to the 

global landslide database. 



CHAPTER 2 REVIEW OF THE LITERATURE 

2 R E V I E W O F T H E L I T E R A T U R E 

2.1 Introduction 

The literature review has been divided into sub-sections reflecting the interdisciplinary 

nature o f the research being undertaken. Sections 2.2 and 2.3 address issues concerning 

data collection and disaster statistics followed by a critique of existing studies that have 

attempted to analyse the spatial and temporal trends in landslide hazard occurrence. 

Sections 2.4 and 2.5 examine the physical and human causative factors and triggering 

mechanisms of landslide activity. 

2.2 Assimilating and analysing landslide fatality data: a review of the literature 

In order to undertake a comprehensive analysis o f the global distribution o f landslide 

fatalities, there is a requirement for reliable data at the global scale. Although a substantial 

volume of literature on landslide fatalities has been published (for example, Alexander, 

1989, 2005; Guzzetti, 2000; Brabb and Harrod, 1989) there are significant variations in the 

number o f deaths recorded. This may be attributed to the difficulties in recording landslide 

events in rural areas with landslide impacts often masked by association with large-scale 

geophysical processes such as hurricanes and floods (Brabb, 1993). Thus, landslide 

fatalities are often ascribed as being the result o f processes inducing the slope failure (an 

earthquake or typhoon for example) rather than being attributed to landslide activity (Jones, 

1992). These findings all suggest that the hazards posed by landslides are far greater than 

the level implied by most existing datasets. 
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2.2.1 National databases 

Many countries including France (Flageollet, 1994), New Zealand (Glade and Crozier, 

1996) and the United Kingdom (Brunsden and Ibsen, 1994) have established national 

landslide inventories. Elsewhere, more detailed databases for specific regions have been 

compiled, such as Hong Kong (Wong and Hansen, 1995), the USA (Brabb, 1989) and 

Germany (Jager and Dikau, 1994). There is certainly potential to amalgamate these 

individual databases with a view to creating a global inventory. Glade and Crozier (2005) 

compiled a detailed list of information sources on spatial landslide distribution and 

inventories for different regions worldwide, highlighting the number o f spatial landslide 

studies that have been undertaken. The majority o f these studies document individual 

landslides, characterising the type o f movement and the distribution/abundance in different 

geographical and physiographical regions. However, there is comparatively limited 

information concerning the risk o f landslides to human beings as indicated by fatality data 

(Guzzetti, 2000). 

Probably the best national landslide database is that of Italy, where events have been 

recorded since 1907 (Almagia, 1907, 1910). More recently in 1989, in response to the 

International Decade of Natural Disaster Reduction, the A V I (Aree Vulnerate Italiane) 

Project was established to compile an inventory o f areas historically affected by landslide 

and flood events throughout the country, with a view to undertaking a national risk 

assessment (Guzzetti et al, 1994). The completed database provides an inventory of 

landslides from 1900 to the present day (Guzzetti and Tonelli, 2004) which has 

subsequently been integrated with other data stored within digital catalogues and databases 

(for example, fatality data) to create a system called SICI (Sistema Informative sulle 

9 
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Catastrofi Idrogeologiche, an Information System on Hydrological and Geomorphological 

Catastrophes) that provides integrated historical, geographical and bibliographical 

information on landslides and floods nationally. The data stored within SICI have been 

used to investigate the geographical distribution o f landslides and to explore the patterns 

and reoccurrence o f damaging events, h i 1999 a fiirther database o f landslides in Italy was 

compiled listing events that have caused fatalities, injuries, missing people and 

homelessness (Guzzetti, 2000). The availability o f such comprehensive fatality data has 

enabled the detailed analysis of the spatial patterns and controls governing the occurrence 

of fatal landslide events on a national scale withm Italy. 

With the exception of Italy, while a number of individual inventories and databases have 

been established on national and regional scales, they are often based on varying criteria, 

with different formats and developed for different purposes. These databases are 

individually useful, but are often limited in scope and incompatible with other catalogues. 

In addition, inconsistencies, data gaps and ambiguous terminology make comparisons and 

the use of the datasets difficult (CRED, 2005). 

2.2.2 Evaluating existing global disaster databases 

A number o f international databases recording the occurrence of natural hazard events 

currently exist. For example, since 1988 the World Health Organisation collaborating 

Centre for Research on the Epidemiology of Disasters (CRED) has been maintaining a 

database o f emergency events, termed EM-DAT. This well established database contains 

information on the occurrence and effects of > 12,800 natural and technological disasters 

(including mass movement events) from 1900 to the present day. The database uses 

10 
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information from various sources including U N agencies, non-governmental organisations, 

insurance companies, research institutes and media agencies (CRED, 2005). EM-DAT was 

created in response to the demand for better data on disaster occurrence (Sapir and Misson, 

1992) and to a certain extent this has been achieved, with the database recording the 

essential core data on disaster incidence. However, not all fatal landslides are recorded. 

For an event to be included it must satisfy at least one of the following criteria: 

• 10 or more people reported killed 

• 100 people reported affected 

• Declaration o f a state of emergency 

• Call for international assistance 

By excluding landslides events that have triggered <10 fatalities, EM-DAT underestimates 

the global impact o f mass movement events. Analysing the magnitude-frequency 

relationship for the number of deaths per landslide event calculated from Alexander's 

(2005) landslide database suggests that -27% of events recorded resulted in between one 

and ten fatalities. Based upon EM-DAT's criteria, these landslides would not be included 

in the database. 

Other established global hazard databases include Munich Re's Natural Hazards 

Assessment Network (NATHAN) , which provides detailed information on the date, 

location, event magnitude and the hazard impacts (including the number of fatalities) o f a 

number o f natural disasters (ESRI, 2005). In addition, The Earth Institute at Columbia 

University and the World Bank's Hazard Management Unit, have undertaken a project to 

identify countries or regions where people or economic activities are at extreme risk from 
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multiple natural hazards (Mastriani and Tobin, 2004). Risk of mortality and economic loss 

from six hazards, including landslide events, has been calculated and the global distribution 

of highest-risk disaster hotspots mapped (figure 2.1). These maps can be used to identify 

regions and countries that are particularly vulnerable to disasters, increasing understanding 

of the global spatial distribution of events and disaster related fatalities. 

High Mortality Risk 
Top3 Decllet of Risk from: 

^Drought Only 
1] Geophysical Only 
Bl Hydro Only 
I Geophysical and Hydro 
H Drought and Geoph/sical 

Draught and Hytfo 
H Drought, HytTo and Geophysical 

Figure 2.1 Mortality risks from natural disasters (Earth Institute, Columbia University, 

2004). 

2.2.3 Using fatality data as an indicator of landslide occurrence 

For the purposes of this study human fatalities are used as the measure of landslide 

occurrence. While there are undoubtedly flaws in using this data as an indicator of 

landslide activity, research suggests that fatality data is reasonably reliably recorded, even 

in remote areas and less developed countries, providing a relatively reliable and spatially 

consistent dataset for analysis (Petley et al, 2005). In addition, when attempting to analyse 

relatively frequent events, characterised by relatively low numbers of fatalities, these are 
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the most suitable data. Alternative measures of landslide hazard such as economic impact 

would undoubtedly result in a more spatially-inconsistent dataset (Petley et al, 2005). 

Kelman (2005) has undertaken extensive research into disaster deaths and the use o f fatality 

data as an indicator of the impact of hazards on society. The main problem with using 

fatality data is that the number of persons reported killed by a landslide may change over 

time (see Kelman, 2005 and Combs et al, 1999). Initial fatality estimates attempt to 

include the total number of disaster attributed deaths, including the number o f people 

confirmed dead in the immediate post impact period and the subsequent loss of the 

seriously injured. Updated fatality estimates ( i f they are revised), may include those who 

have been missing for an extensive period and are subsequently presumed to be dead (Sapir 

and Misson, 1992). This was an area for consideration when designing the project 

methodology. 

2.2.4 Data sources 

The main sources o f landslide fatality data are existing catalogues and archives, news 

reports, interviews, technical/scientific documents, NGO and U N agency situation reports 

and field reports compiled by disaster workers. The quality and reliability o f reported data 

varies significantly between sources, along with the type o f information documented (table 

2.1). 

News reports from one o f the main sources of information in databases. However, while 

global coverage may be reasonably good, news reports introduce a cultural and professional 

bias in the reporting of numbers and disaster details (Shah, 1983; Guzzetti et al, 1994). In 
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addition, while 'big disasters' are considered newsworthy, smaller events are often 

comparatively underreported. The news media tends to focus on large magnitude events, 

particularly those affecting urban areas or well-known structures. Comparatively, rural 

disaster losses are less concentrated and less dramatic and as a result go unreported (Lewis, 

1984). As a result, the fu l l extent of the impact o f hazards in rural areas has been largely 

unrecognised. 

Table 2.1 An evaluation of the information sources used to compile the A V I Project 

(adapted from Guzzetti etal, 1994: 626-627). 

Newspapers Technical and scientific 

documents 

Interviews with field 

experts 

Emphasis on large 
magnitude events 
affecting urban areas. 
Events of low magnitude 
were generally under-
reported. The fu l l extent 
of damage within rural 
areas is comparatively 
unknown. 
Emphasis placed on the 
re-activation / repetition 
of landslide events. 
Date and triggering 
mechanisms tended to be 
reliably reported. 
Geotechnical data e.g. 
the type o f movement 
was seldom reported. 

Provided detailed, high 
quality information 
including the geological, 
morphological and 
geotechnical 
characteristics o f a small 
number o f events. 
Include detailed location 
and geometrical 
characteristics o f the 
land-slide. 
Social and economic 
impacts rarely covered. 

Provided a 
comprehensive overview 
of areas historically 
affected by landslides. 

Spatial bias is also a substantial problem. For example. Shah (1983) noted that for 

landslide data there was far more comprehensive coverage for the USA, while Africa, 
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Europe, China and the USSR were comparatively underrepresented or unrepresented. 

These findings were attributed to poor communication networks and a lack o f infrastructure 

required to undertake the comprehensive reporting o f disasters. 

In comparison, technical and scientific documents provide detailed, high quality data, but 

coverage is generally limited to a small number of events and the social and economic 

impacts are rarely discussed (Guzzetti et al, 1994). Calcaterra and Parise (2001), in 

analysing the contribution o f historical information in the assessment of landslide hazards, 

noted that public archives, consulting companies, geologists, and homeowners can be 

useful sources of information, particularly regarding the location of the landslide events and 

the resulting damage. However, these sources proved to be less useftil in determining dates 

of occurrence, which often proved difficult to verify. 

A number o f additional problems can be encountered when analysing landslide fatality data 

(Guzzetti, 2000): 

• Preparing the catalogue - The date of occurrence is often unknown, incomplete or 

uncertain, or, it can vary between sources. 

• Fatality/casualty data - The number of fatalities and casualties are often poorly 

reported and in some cases only a qualitative description is given (i.e. few, many, 

several hundred). Some archives may provide little or no information on the human 

impact of the landslide events, and large discrepancies in reported numbers are 

common. It is widely acknowledged that disaster reporting sources often have a vested 

interest in the numbers they report and figures may therefore be inflated or deflated 

according to the socio-political situation (Sapir and Mission, 1992). 
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• Recognising an event as a landslide - There is often uncertainty as to the definition o f 

a landslide. Debris flows or torrents are often reported as floods rather than mass 

movements. I f a meteorological event causes both flooding and landsliding, often only 

the flooding is reported or the impact o f the hazard, for example the number o f 

fatalities, is attributed to the flooding alone. As landslides are often secondary hazards, 

it is difficult to separate the direct impacts o f mass movement from the impacts 

associated with floods, earthquakes and other triggering agents (Alexander, 2005). 

• Multiple landslide events - Where a number of landslides have been triggered by a 

single precursor (for example, seismic shaking) the number o f slope failures may be 

unknown and i f fatalities/casualties are reported, only a total number may be recorded. 

• Representivity - Inventories tend to be compiled over a limited and selected period o f 

time. This raises issues o f representivity when attempting to explain longer term trends 

in landslide occurrence, particularly as the impacts of natural disasters are seen to vary 

temporally. 

• Importance of cross-checking - Data should be cross checked and verified with other 

data sources including referenced journals and other established databases to minimise 

errors associated with data collection (Calcaterra and Parise, 2001). 

A final problem to note is the use o f criteria to determine whether an event qualifies for 

entry into the database (Shah, 1983). For example, only including landslides that have 

caused 100 or more fatalities or at least 100 injuries (the inventory criteria of Sheehan and 

Hewitt, 1969) is a particularly crude form of assessment. A landslide disaster with 99 

fatalities would be excluded from a database o f major landslide hazards, while a mass 

movement event injuring 100 people would be cited. 
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2.2.5 Summary 

Over the last decade there has been considerable improvement in the quality and 

availability of disaster data, reflecting the development of global telecommunications and 

the information technology revolution (Alexander, 1997). However, a number of problems 

have been identified with the collection and assimilation of data on the occurrence and 

distribution of landslide hazard events. These include the vagueness and imprecision of 

information (for example, location) and uncertain or incorrect dates of occurrence 

(Calcaterra and Parise, 2001). In addition, information on hazard impacts, for example 

landslide fatalities, can be sketchy and often exaggerated (Alexander, 1993). For example, 

the media are often seen to accept and repeat wi ld estimates (Tobin and Montz, 1997) 

highlighting the need to treat media sourced fatality data with caution. In general not all 

significant landslide events are reported by the news media and aid agencies. Significant 

under-reporting o f disaster impacts, including the damage and the number o f casualties, has 

been noted and information on landslide hazards is published far less thoroughly and 

systematically than other hazard events, for example earthquakes and tropical cyclones 

(Alexander, 2005). Data validation is therefore necessary prior to undertaking any form of 

data analysis. 
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2.3 A N A L Y S I N G T H E S P A T I A L P A T T E R N S AND C O N T R O L S O F D I S A S T E R 

O C C U R R E N C E 

2.3.1 Introduction 

The literature review thus far has focused on the collection o f hazard data and fatality 

statistics. A number o f papers have been written that use such datasets to examine the 

broad global trends in the occurrence of natural disasters, including landslide events. These 

include the early work o f Sheehan and Hewitt (1969) who undertook a pilot survey 

attempting to compile an inventory o f the type, recurrence, location and impact o f all forms 

of natural hazard. More recent studies include an analysis o f landslide vulnerability by 

Alexander (2005) based upon -350 'significant' landslide events that occurred between 

1993 and 2002. This sub-chapter w i l l outline, discuss and critique these studies, with a 

view to determining the depth o f current understanding regarding the spatial patterns and 

controls of landslide occurrence. 

2.3.2 Early disaster studies 

Dworkin (1974) and Shah (1983) updated the early work o f Sheehan and Hewitt (1969) 

cited above. News wire reports and encyclopaedia year books were used to compile a 

dataset of global hazard events including earthquakes, volcanic eruptions, landslides and 

flood events. The following observations were made: 

• the number of natural disasters was increasing over time. 

• high death tolls were a characteristic o f less developed, low income countries. 

More than twenty years on, these are still the common held perceptions regarding the 

spatial and temporal occurrence of natural disasters (Alcantara-Ayala, 2002). 
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2.3.3 Landslide studies 

Alexander (1989, 2005) has undertaken research focusing specifically on the occurrence 

and distribution of global landslide hazards which has included the analysis of the fatality 

and casualty patterns and the economic impacts of global mass movement events. 

Alexander (1989) examined 45 sudden-impact urban landslide disasters occurring between 

1584 and 1988. These events resulted in a total of 286,000 fatalities. While the author 

acknowledged that this was by no means a complete inventory o f events over the time 

period, it illustrated the heterogeneity of death tolls resulting from mass movement events. 

Fatalities were seen to range from 1 in Surte, Sweden to 200,000 deaths f rom a landslide in 

China. 

In addition to being incomplete, many of the landslide disasters recorded were composite 

events, for example, earthquake triggered landslides. No attempt was made to determine 

the number of fatalities that resulted directly fi-om the landslide events alone. In addition, 

Alexander's study highlighted the vulnerability of the urban environment with limited to no 

consideration being given to the impact o f landslides in rural areas. This has perhaps 

produced a spatially biased and skewed picture o f fatal landslide occurrence. 

Following his earlier study, Alexander (2005) undertook an in-depth analysis o f global 

mass movement events between August 1993 and May 2002. A dataset of landslide 

disasters was compiled based on news reports and NGO/UN agency situation reports, with 

the aim of providing a comprehensive picture of global landslide impact. The study 

included a regional breakdown of the occurrence of landslide disasters, an analysis of the 

number of fatalities and triggering mechanisms of the events. While again the author 
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identified a number of limitations with the compiled dataset (these were largely concerned 

with sourcing reliable data - see section 2.2), this is without doubt the most comprehensive 

global analysis available to date. 

Alexander's analysis concentrated on human vulnerability patterns, including the spatial 

distribution of vulnerability analysed by cause. Consideration was given to issues o f 

poverty and inequality, that is the 'human' dimension of disaster studies and the following 

conclusions were made: 

• Countries subject to hurricane-force storms or torrential monsoon rains and countries 

with seismically active orogens are the most susceptible to landslide disasters. 

• Latin America furnished the highest deaths tolls from landslide events followed by 

Central and East Asia. 

• Landslide-induced mortality was highest in the poorest countries of the world. 

• Deaths per landslide event were generally low (50% of the dataset was characterised by 

< 10 fatalities per fatal landslide event). 

• The predominant trigger of landslide activity was high intensity and prolonged rainfall 

often associated with tropical cyclones. 

• Earthquakes and volcanic activity were a far less frequent trigger o f landslide activity. 

• Shanty-style settlements were seen to be particularly vulnerable to landslide events. 

2.3.4 Summary 

Building upon more general natural disaster studies, Alexander (2005) has outlined the 

broad spatial trends in global landslide activity generating a more comprehensive picture of 

landslide impacts which has been used to analyse human vulnerability patterns. An 
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analysis o f the temporal trends in landslide occurrence including annual and interannual 

variations would undoubtedly strengthen this study and lead to a more detailed 

understanding o f the causative factors and triggering mechanisms of landslide activity. 
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2.4 P H Y S I C A L C A U S E S AND T R I G G E R I N G M E C H A N I S M S O F F A T A L 

L A N D S L I D E E V E N T S 

2.4.1 Introduction 

The term landslide refers to the movement o f slope-forming material including rock, debris 

or soil under gravity (Glade and Crozier, 2005; Crozier, 1999; Cruden and Vames, 1996). 

The actual type o f movement (including falls, slides and flows) is determined by a number 

of factors that include the geology, material strength, slope configuration and pore water 

pressure (Dikau et al, 1996). Landslides can have several causes (table 2.2) and these may 

be geological, morphological, physical or human in nature (Alexander, 1992; Cruden and 

Vames, 1996), but only one trigger (Vames, 1978). 

Table 2.2 Landslide causes (USGS, 2004). 

Geological Causes Morphological Causes Human Causes 

• Weak or sensitive • Tectonic or volcanic • Excavation of slope or 
materials uplift its toe 

• Weathered materials • Glacial rebound • Loading of slope or its 

• Sheared, jointed, or • Fluvial, wave, or glacial crest 
fissured materials erosion o f toe slope or • Deforestation 

• Adversely orientated lateral margins • Irrigation 
discontinuity e.g. • Subterranean erosion • Mining 
bedding planes and • Deposition loading • Artif icial vibration 
faults slope or its crest • Water leakage from 

• Contrast in permeability • Vegetation removal (by utilities 
and/or stiffness in fire or drought) 
materials • Thawing 

• Freeze-thaw weathering 

• Shrink-swell weathering 
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The term trigger refers to an external stimulus for example, intense rainfall, rapid snow 

meh, seismic shaking, volcanic eruption, coastal erosion or the failure o f natural dams that 

cause an immediate or near-immediate response in the form of landslide activity (Schuster 

and Wieczorek, 2002). The landslide trigger may activate the landslide by rapidly 

increasing the shear stresses or pore pressures by ground acceleration due to seismic 

activity, by removing lateral support, by reducing the strength o f slope materials or by 

initiating debris flow activity (Schuster and Wieczorek, 2002). 

Mass movements may occur instantaneously following a specific trigger or may occur 

following a delayed response to the critical triggering conditions, for example landsliding 

may occur after a prolonged rainfall event which gradually increases the pore-water 

pressure (Glade and Crozier, 2005). This highlights the importance of pre-existing or 

antecedent conditions which may initiate slope instability (Gerrard and Gardner, 2000; 

Schuster and Wieczorek, 2002). Landslides may move quickly down slope at several 

metres per second or may creep at very slow rates o f only a few millimetres per year (Glade 

and Crozier, 2005). Fast-moving landslides including rockfalls, rockslides and rock 

avalanches often cause the highest number o f landslide-induced fatalities (Guzzetti, 2000; 

Alexander, 2005). 

Glade and Crozier (2005) identified the following conditions promoting mass movement: 

• Predisposing factors (factors influencing stability) e.g. geology. 

• Preparatory factors (factors reducing slope stability) e.g. weathering or tectonic uplift. 

Montgomery et al (2001) and Finlayson and Montgomery (2002) highlight the 

importance o f relief and average precipitation in influencing erosion rates. 
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• Triggering factors (factors initiating movement) e.g. high intensity precipitation. 

• Sustaining factors (factors influencing the duration, rate and form of movement). 

These factors determine the magnitude, velocity and frequency o f occurrence o f fatal mass 

movement events. 

The most common natural landslide triggers include high intensity precipitation, rapid 

snowmelt, water-level change, volcanic activity and seismic shaking (Wieczorek, 1996). 

Alexander (2005) analysed the occurrence and distribution o f global landslide disasters 

between 1993 and 2002 and suggested that episodes o f high landslide damage were mainly 

caused by intense and prolonged precipitation associated with fropical storms and flooding, 

while earthquakes and volcanic activity were seen to be far less frequent but still significant 

triggers. In an attempt to understand the global spatial distribution of fatal landslides, these 

trigger mechanisms wi l l be discussed. 

2.4.2 Rainfall-induced landslides 

Many studies have been undertaken examining the relationship between rainfall and 

landslide activity (Wieczorek, 1996; Rosenfeld, 1998; Gerrard and Gardner, 2000; Glade, 

2000; Dai et al, 2003; Gabet et al, 2004). The relationship between rainfall and mass 

movement is associated with infiltration and increases in pore water pressures that reduce 

shear resistance on a slope and encourage downward movement o f material (Tsaparas et al, 

2002). Storms that produce intense rainfall for relatively short periods (several hours) and 

events o f a more moderate intensity (lasting several days) have been observed to trigger 

abundant landslides in a number o f regions (Wieczorek, 1996). 
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Fatal landslide events are often associated with large-scale weather systems. These 

include: 

• Tropical cyclones, hurricanes and typhoon events (Alcantara-Ayala, 2004). 

Examples include the mudflows in Haiti in 2004 triggered by heavy rains fi-om 

Hurricane Jeanne resulting in -3006 fatalities and the volcanic flank collapse of 

Casita Volcano, Nicaragua following torrential rains associated with Hurricane 

Mitch in 1998 (author's dataset). 

• The annual monsoon (Gerrard and Gardner, 2000a). 

Both North America and Asia are affected by monsoon systems which are 

associated with high seasonal rainfall. Examples include the catastrophic mass 

movements triggered by monsoon rains at Malpa in the Kali Valley, Kumaun 

Himalaya, India which killed 221 people (Paul et al, 2000). In addition, research 

undertaken by Petley et al (2005) into the temporal occurrence of fatal landslide 

events suggested that the majority o f fatal landslides in 2003 were triggered by 

rainfall associated with the South Asian monsoon system. 

• Tropical perturbations (Alcantara-Ayala, 2004). 

Tropical perturbations (a form of atmospheric disturbance) have been associated 

with exceptionally high rainfall totals and extensive landsliding in South America. 

For example, the highest rainfall totals recorded in Mexico were associated with 

tropical perturbations and depressions that triggered hundreds o f landslides in the 

province of Puebla in October 1999 (Alcantara-Ayala, 2004). In addition, a detailed 

rainfall analysis undertaken in Nepal suggested that other weather systems, for 

example atmospheric disturbances, are as effective as monsoons in providing 
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rainfall and have subsequently triggered a number o f mass movement events 

(Shrestha, 2000). 

2.4.3 E l Nino events, precipitation patterns and rainfall-induced landslides 

It is frequently stated that landslide occurrence is controlled in part by the occurrence o f El 

Nino Southem Oscillation (ENSO) events. For example, in the Americas, El Nino events 

are identified as a major trigger of large scale regional landslide activity (Schuster and 

Highland, 2001; Reynolds et al, 2003). Ngecu and Mathu (1999) also document and 

discuss some of the fatal landslides triggered by the extraordinarily heavy rainfall in Kenya 

between May 1997 and February 1998. This period of intense precipitation occurred 

during the dry season and was attributed to the El Nino effect. During this time widespread 

landsliding and flooding was experienced resulting in several hundreds o f fatalities and 

injuries. Petley et al (2005) analysed the relationship between annual landslide fatality 

totals and the occurrence o f El Nino events. However, their findings seemed inconsistent 

with the wider literature with their dataset providing no evidence to suggest that El Nino 

events play a substantial role in the occurrence o f global landslide fatalities. 

Links or 'telecormections' have been made between the occurrence o f El Nino events and 

anomalies m monsoon rainfall (Verma, 1994; Kane, 1998; Khole, 2000; Gadgil et al, 

2004). For example, during El Niiio years, the intensity of the Indian summer monsoon 

rainfall is reduced (Pai, 2004). With monsoonal rainfall being a dominant trigger of 

landslide activity it would be of interest to investigate the connections between El Nino 

events, monsoon rainfall anomalies and landslide occurrence. 
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2.4.4 Global climate change and landslide occurrence 

Extensive research has been undertaken to determine the potential impacts o f global 

warming on natural hazard occurrence (Alexander 1995; UNDP, 2004; Berz, 2005; 

Webster et al, 2005). For example, findings o f a study undertaken in the early 1990s 

suggested that increasing global and regional temperatures associated with global warming 

may trigger more volatile weather conditions and meteorological extremes (Mitchell and 

Ericksen, 1992). Warmer ocean waters in the tropics could result in a longer and more 

intense hurricane season (Tobin and Montoz, 1997; Webster, 2005; Emanuel, 2005). In a 

recent paper in Nature, Emanuel (2005) published research findings which suggest that 

tropical cyclones have become increasingly destructive over the past thirty years. These 

findings were affirmed by Webster et al (2005) who observed an increase in tropical 

cyclone intensity over a similar time period. This is o f particular concern as the majority of 

significant landslide events recorded by Alexander (2005) between 1993 and 2003 were 

triggered by high intensity or prolonged precipitation often associated with fropical 

cyclones. An increase in global temperatures and subsequent hurricane activity w i l l 

undoubtedly affect the frequency of mass movement events and the number of associated 

landslide fatalities. The temporal variability o f landslide occurrence and fatality totals is 

certainly an area requiring fiirther research. 

2.4.5 Earthquake-triggered landslides 

Earthquakes have long been recognised as a major trigger of landslide activity (Seed, 1968; 

Keefer, 1984). Such events are seen to occur in a number o f different topographical and 

geological settings (Wieczorek, 1996) and often cause the majority o f casualties associated 

with earthquake events (Havenith et al, 2003). For example, the 2001 El Salvador 
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Earthquake (magnitude 7.6) triggered the Las Colinas landslide in Balsamo Ridge which 

caused the greatest loss o f l ife in a single location from an earthquake (Luo et al, 2004) 

with -585 fatalities (Evans and Bent, 2004). 

The majority o f seismically induced slope failures are small in size but some result in the 

displacement o f large volumes o f material, posing a serious threat to human life and 

property (Harp and Jibson, 1995). The occurrence o f earthquake induced landslides is 

based on two parameters: 

• the susceptibility of the slopes to instability; 

• the intensity of the earthquake shaking 

(Bommer and Rodriguez, 2002). 

According to Khazai and Sitar (2003) in a recent study evaluating the factors controlling 

earthquake-induced landslides caused by the 1999 magnitude 7.3 Chi-Chi earthquake in 

Taiwan, ground motion was found to be the most significant factor in triggering the 

dominant shallow landslides. Only very large catastrophic dip slope failures could be 

attributed to geological setting (Khazai and Sitar, 2003). When comparisons were made 

between the Chi-Chi earthquake and the Northridge and Loma Prieta events, significant 

similarities in the frequency and distribution o f the different landslide types were observed. 

These findings are endorsed by Havenith et al (2003) who, having analysed the influence of 

topographical and other site specific amplification effects on the initiation of earthquake 

induced landslides, suspect that ground motion dynamics contribute significantly to slope 

failure. 
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Keefer (1984) undertook a detailed study of earthquake triggered landslides, analysing data 

fi"om 40 historic earthquake events to determine their characteristics and the impact o f 

climate, geology and seismic setting. This study was updated by Rodriguez et al (1999) 

and yielded similar results. Fourteen types o f landslide were identified, the most abundant 

including rockfalls, disrupted soil slides and rock slide events. Rapid soil flows and rock 

avalanches (under certain geological conditions) were seen to cause the greatest number of 

fatalities. This was largely due to the burial o f cities or villages located on gently sloping 

ground several kilometres fi-om the sites o f landslide initiation. Rock falls, the most 

abundant seismically triggered landslide events, were seen to occur in virtually all rock 

types on slopes steeper than 40°. While the areas of risk were limited by the trajectories 

and movements o f material, seismically-triggered rock falls were still the third leading 

cause o f death (Rodriguez et al, 1999). Other fatal earthquake-induced landslides include 

soil slumps, block slides, soil lateral spreads, sub-aqueous landslides and rock slumps. 

However, these events only occur under certain circumstances, reducing their threat to 

human life. 

Examples of earthquake induced slope failures include the 1970, Richter magnitude 7.7 

earthquake in Peru which triggered earthquake triggered a debris avalanche fi-om the north 

peak o f the Huascaran, Cordillera Blanca burying the town o f Yungay and part of 

Ranrahirca, resuhing in > 18,000 fatalities (Plaflcer et al, 1971). More recently, the 1999 

Chi-Chi earthquake triggered >20,000 landslides totalling 113 km' throughout central 

Taiwan (Lin et al, 2003; Hung et al, 2000; Wang et al, 2000). The general characteristics 

o f the landslides were similar to those observed in other mountainous regions following 

large earthquake events and included relatively shallow slides on very steep slopes, rock 
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falls, deep seated failures and large coherent deep-seated landslides (Khazai and Sitar, 

2003). 

2.4.6 Volcano related ground failures 

Volcanic emptions have triggered some of the largest and most catastrophic mass 

movement events recorded (Wieczorek, 1996). These include lahars (volcanic mudflows), 

landslides and debris avalanches. Scott et al (2001) have undertaken research into 

catastrophic debris flows in volcanic terrains. Communities occupying low-lying areas 

adjacent to volcanoes are vubierable to significant volcanic flows in addition to the hazards 

associated directly with emptions. The greatest risk is from debris flows which have the 

potential to travel over 100 kilometres (Scott, etal, 2001). 

Lahars or volcanic mudflows occur widely on steep volcanic flanks enlarging by bulking as 

they flow (Scott et al, 2005). Examples include the debris flows associated with the 1985 

emption of the Nevado del Ruiz volcano in Colombia (Lowe et al, 1986; Naranjo et al, 

1986; Pierson et al, 1990; Sigurdsson and Carey, 1986; Thouret, 1990; Thouret et al, 

1990). Heat f rom the pyroclastic flows and surges associated with this relatively small 

emption melted glacial ice near the summit o f the volcano and generated meltwater floods 

that developed into lahars as soil and loose sediments became incorporated. The largest 

flow was >45 m deep and moved at c.l2 ms"', ki l l ing 25,000 people in Armero at the base 

of the volcano (Lowe et al, 1986). 

Landslides are frequently the result of volcanic instability. Active volcanoes dynamically 

evolve, growing intemally by magma intmsion and externally by the accumulation of 
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layers o f lava and pyroclastic deposits on the flanks o f the volcano (McGuire, 1994). This 

can result in destabilisation by overloadmg, oversteepening and mass removal. This, 

coupled with seismic shaking and high intensity precipitation, has been seen to trigger 

edifice failure (sector collapse) and landsliding which have been described as one o f the 

most hazardous geological processes due to their volume and velocity (Hurlimann et al, 

2000). 

Volcanic landslides frequently transform into debris avalanches and debris flows (Kerle 

and Van Wyk de Vries, 2001). For example, during Hurricane Mitch in 1998, heavy 

rainfall triggered a rockslide-debris avalanche on the southern flank o f the Casita volcano, 

Nicaragua. The avalanche evolved into a debris flood and, with an increasing 

concentration of entrained sediment, a lahar which killed approximately 2500 people in the 

towns o f El Porvenir, Rolando Rodrigues and other small hamlets in the lowland area to the 

south o f the volcano (Scott et al, 2005). 

An additional hazard associated with volcanic-landslides are tsunamis (McGuire, 2000). 

The impact of the lateral collapse o f an oceanic island volcano for example, the Cumbre 

Vieja Volcano on the island o f La Palma, in the Canary Islands has the potential to generate 

destructive tsunami waves (Ward and Day, 2001). Research suggests that waves generated 

by the run out of a 500 km' landslide into the ocean at 100 m/s could transit the entire 

Atlantic Basin threatening the American coast with tsunami waves 10-25 m in height 

(Ward and Day, 2001). Such an event would result in the largest impact o f a landslide 

imaginable. 
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2.4.7 Landslide dam-break floods 

Landslide dams can be defined as temporary or permanent sfream blockages resulting from 

mass movements (Korup, 2002). Such movements include rock and debris avalanches, 

rock and soil slumps and slides, and mud debris and earth flows (Costa and Schuster, 

1988). The most common landslide triggering mechanisms include excessive rainfall, 

snowmelt and seismic activity, although others have also been documented, and include 

volcanic and anthropogenic activity (Korup, 2002). Many landslide dams fai l shortly after 

formation. This may occur naturally by overtopping or through artificial breaching. 

A number o f landslide dams have failed catasfrophically, resulting in flooding and loss of 

life (Costa and Schuster, 1988 and Walder and O'Connor, 1997). Examples include the 

failure o f the Deixi landslide dam on the M i n River in central China in 1933 which resulted 

in the death of at least 2,423 people (Costa and Schuster, 1988). Such events occur 

infrequently, but the available warning times may be very short (Davies,pers comm.). 

2.4.8 Summary 

This sub-chapter has outlined the main physical causative factors and triggering 

mechanisms of fatal landslide activity based upon the fmdings of Alexander (2005), 

including high intensity and prolonged rainfall, earthquakes and volcanic activity. 

Consideration has also been given to the predisposing and preparatory factors including 

slope angle, geology and tectonic stability, the overriding factors governing the spatial 

distribution of landslide events. Issues o f climate change and temporal variability have also 

been infroduced and identified as areas requiring further research. 
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2.5 HUMAN C A U S E S O F F A T A L L A N D S L I D E D I S A S T E R S 

'Society, rather than nature, decides who is more likely to be exposed to dangerous 

geophysical agents' {Hewitt, 1997: 141). 

2.5.1 Introduction 

During the 1970s social scientists began to challenge the accepted notion that the observed 

increase in the occurrence of natural disasters was attributable solely to increases in 

physical phenomena (Bankoff, 2001). Instead, Hewitt and Barton (1971) saw disasters as a 

function o f both the physical event and the state of human society. This human-

environment relationship was developed further by Westgate and O'Keefe (1976) and 

Susman et al (1983), the latter as part of Hewitt's radical critique. Hewitt and Barton 

(1971) explored the notion of vulnerability, a term that has become increasingly 

fashionable, with many influential writers viewing this discourse as the key to 

understanding disasters (Wisner et al, 2004 and Alexander, 2005). As a result, since the 

publication of Hewitt and Barton's (1971) benchmark paper, there has been an increasing 

tendency to view disasters as the consequence of social conditions, rather than the 

geophysical agents that precipitate them (Quarantelli, 1995). This sub-chapter wi l l explore 

the human dimension of landslide disasters, with a view to identifying a series of human 

causative factors and triggering mechanisms of landslide activity. 

2.5.2 Vulnerability to landslide hazards - The alternative discourse 

It should be noted that there is no single accepted definition of vulnerability (Cutter, 1996; 

Weichselgartner, 2001; Alexander, 2005). For the purpose of this study therefore the broad 

working definition proposed by Alexander (2005) w i l l be used: vulnerability is the 
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'potential for losses or other adverse impacts' (pp.176). Vulnerability is based upon 'the 

characteristics of a person or group and their situation that influence their capacity to 

anticipate, cope with, resist and recover from the impact of natural disasters' (Wisner et al, 

2004:11). Vulnerability can be seen to vary both spatially and temporally along with the 

natural environment and society (Uitto, 1998; Cutter et al, 2003; Hufschmidt et al, 2005a). 

Cutter et al (2003) identified three main themes in vulnerability research: 

• the identification of conditions that make people or places vulnerable to extreme 

natural events (Burton et al, 1993; Anderson, 2000); 

• the assumption that vulnerability is a social condition, a measure of societal 

resilience to hazards (Hewitt, 1997; Wisner et al, 2004); 

• the integration of potential exposures and societal resilience with a specific focus 

on particular places or regions (Kasperson et al, 1995; Cutter et al, 2000). 

Proponents of vulnerability as a conceptual explanation therefore believe that while hazards 

may be natural, disasters are not (Bankoff, 2001). Smith (2004) makes a clear distinction 

between the two: 

• The term hazard refers to all naturally occurring processes or events with the 

potential to create loss. 

• A disaster describes a hazard event where large numbers of people are killed, 

injured or affected in some way. 

This definition is endorsed by Degg (1992) who notes that disaster can only be used to 

describe an event when the losses exceed the accepted norms within a given society. 

Disasters are therefore viewed as a product of the social, political and economic 
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environments that structure the Uves of different groups of people (Wisner et al, 2004). 

Similarly, risk, defined as the probability of a hazard occurring (Smith, 2004), is seen to 

depend primarily upon on-going societal conditions (Hewitt, 1997). This 'dual 

character' of natural disasters (Alcantara-Ayala, 2002) is summarised in figure 2.2. 

Social 

HUMAN 
Economical SYSTEM Political 

Cultural 

Atmosphere 

RAL 
i M 

L i t h o 

Natural Hazards 

Natural Vulnerability 

NATURAL D ISASTERS 

Societies 

I 
Human Vulnerability 

Figure 2.2 A schematic representation of vulnerability and the occurrence of natural 

disasters (adapted from Alcantara-Ayala, 2002:120). 

The model presented in figure 2.2 is based upon two very separate systems which interact 

when a hazard occurs. However, as observed by Cutter (1996) and Hufschmidt et al 

(2005a) natural hazards are not isolated events but are complex features connected to the 

social system. It is this connectivity between the physical and social systems that is the 

main characteristic of natural risk (Hufschmidt et al, 2005a). For example, the Karakoram 

Himalaya is characterised by tectonically destabilised slopes and high climatic inputs and is 

therefore vulnerable to earthquakes, snow avalanches and landslide hazards (Hewitt, 2004). 
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However, it is the interaction between society (the inhabitants of the hundreds of villages 

along the valleys in the Karakoram) and the geophysical environment or the 'geosystem' 

that determines risk, hazard potential and vulnerability, that can be summarised as a 'hazard 

of place' model (Cutter, 1996; Cutter et al, 2003) (Figure 2.3). 

Geographrc 
Context 
-elevation 
proximity 

Biophysical 
Vulnerability Risk 

Place 
Vulnerability 

Hazard 
Potential 

Social 
Vulnerability 

Social Fabnc 
-experience 
-perception 
-built env 

Mitigation 

Figure 2.3 The hazards-of-place model of vulnerability (Cutter et al, 2003 modified from 

Cutter, 1996). 

Other models based upon the interaction between vulnerability and hazard also exist 

including the 'pressure and release (PAR) model' proposed by Wisner et al (2004). The 

PAR model provides a 'chain of explanation' of the factors giving rise to vulnerability. 

These include: 

• root causes (general economic, demographic and political processes within society, 

the functioning of the state and the influence of the world economy). 
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• dynamic pressures (the processes and activities that translate the effects of the root 

causes both spatially and temporally into unsafe conditions e.g. rapid urbanisation). 

• unsafe conditions (the specific forms in which the vulnerability of a population is 

expressed in time and space in conjunction with a hazard e.g. people living in 

hazardous locations in unsafe buildings). 

These 'pressures' are discussed below. 

2.5.3 Human vulnerability - the causative factors 

Underdevelopment 

Natural disasters can be viewed as "a cause and a product of failed development" (UNDP, 

2004). 

It is often argued that the distribution of natural disasters is strongly correlated with the 

geography of underdevelopment (Chardon, 1999; Alcantara-Ayala, 2002), whereby the 

vulnerability of society to natural hazards is socially constructed, rooted in historical, 

cultural, social and economic processes that reduce the ability of an individual or society to 

cope with disaster (Weichselgartner, 2001). As a result many researchers are of the opinion 

that it is difficult to separate natural disasters from the broader issues of development 

(Jeffery, 1982; Alcantara-Ayala, 2002). 

Underdevelopment is a process largely affecting the poorer countries of the world, where 

societies suffer from changes imposed from outside the community, in the interests of the 

outsiders (Susman et al, 1983). With its colonial roots, underdevelopment can be viewed 
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as a continual processes resulting from a world economy which perpetuates technological 

dependency and unequal exchange (Susman et al, 1983; Alexander, 1997 and Bankoff, 

2001). hideed some early works focusing on the non-naturalness of disasters took a very 

anti-capitalist stance (O'Keefe et al, 1976). Cannon (1994), Pelling (2003) and Wisner et 

al (2004) examined these issues in depth, including the impact of the debt crisis on 

vulnerability. Third World debt can be viewed as holding development back and as such 

increases poverty, deprivation, marginalisation and environmental degradation. These 

factors in turn increase the susceptibility of the environment to hazard and increase the 

vulnerability of the population to disaster. 

The occurrence of environmental disasters may setback development (Pelling, 2003; 

UNDP, 2004). Examples include the impact of Hurricane Mitch in 1998 in Honduras and 

Nicaragua, where human losses and damage to physical infrastructure, housing and crops 

were predicted to have hindered development efforts by a decade or more (Bradshaw et al, 

2002 cited in Pelling, 2003). This will undoubtedly further increase the vulnerability of the 

population to the occurrence of subsequent natural hazard events. 

In addition to the previous definition introduced, vulnerability is often viewed as a function 

of the level of economic development of a country (Alexander, 1995). The foundations of 

this were illustrated in a United Nations Development Programme Report (2004) on 

disaster risk. The report demonstrated that countries with similar patterns of natural 

hazards were characterised by widely varying levels of disaster risk attributed to varying 

development paths and processes. This is illustrated in figure 2.4, whereby A represents 

countries characterised by a very low level of resources and hence slightly reduced 
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vulnerability; B, the state of maximum vulnerability (countries characterised by the lowest 

level of development); C represents the state of minimum vulnerability (correlating with 

increasing expenditure on mitigation) and D corresponds to countries where increased 

technology creates new sources of vulnerability. The potential for vulnerability reduction 

through mitigation is represented by line E, while F illustrates the development gap in 

mitigation. In short, the highest deaths tolls are seen to occur within less economically 

developed countries, while the economic impacts are often far greater in more 

economically developed countries. 

Vulnerability 
level 

a 1 

6as/c vulnerability ^^-^ 

Technological 
expenditure 
on mitigation ,, -

^ - " , ^ - -
r —. ^" 

\ ^ , - - '"^"~ — 

- " ^ - - ^ ^ ^ \ 

Technological 
Vulnerability 

Overall vulnerability 

Expenditure 
level 

Least 
developed 

Level of economic development Fully 
industrialised 

Figure 2.4 Vulnerability to disasters and levels of economic development (Alexander, 

1995). 

Based upon the above findings the following model has been generated (figure 2.5). 

Landslide fatalities may be viewed as a function of the level of economic development of a 

country, with low levels of development bemg associated with high numbers of fatalities. 
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Low income countries are 
more vulnerable to 
landslide disasters due to: 

tiigher population densities 
and urban growth; 

rural-urban migration; 

the development of shanty 
style settlements; 

poverty; 

exploitation of resources 
e.g. deforestation. 
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Figure 2.5 The hypothesised landslide fatality model: the occurrence of landslide fatalities 

is a function of the level of economic development of a country. 

Location 

Vulnerability is often perceived as being locationally driven, whereby it is a function of the 

proximity to the source of the hazard/risk (Weichselgartner, 2001). According to Alcantara-

Ayala (2002) natural disasters occur worldwide, however their impact is often greater in 

developing countries. This can be attributed to geographical location and 

geomorphological setting with developing countries being predominantly located in areas 

prone to natural hazards. 

Many cities were founded in areas known to be highly hazardous locations; for example 

Lima, Peru is located in an area of high seismicity and has been damaged by a number of 

high magnitude earthquakes (UNDP, 2004). The settings of many rural communities are 

also hazardous (UNDP, 2004); for example settled mountain belts where exposed 

tectonically destabilised slopes are frequently seen to impinge upon routeways and 
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settlements causing injury and fatalities (Alexander, 2005). Examples include the Alps, 

Himalayas, Karakoram, Hindu Kush and the Andes. 

Human livelihoods are often earned in locations that combine opportunities with hazard, 

thus increasing the exposure of a population and likelihood of disaster (Wisner et al, 2004). 

For example, settlements located near volcanoes were developed to exploit the fertile soils 

and are highly vulnerable to volcanic hazards (see section 2.4.6). People are also seen to 

live on rubbish dumps where they may work as informal material recyclers (Westfall, 

2001). These garbage heaps are susceptible to failure, an example of the interaction 

between hazards of natural and technological/man-made origin (UNDP, 2004). For 

example, in 2000 heavy rains from Typhoon Kai Tak triggered the collapse of a rubbish 

dump in Payatas on the outskirts of Manila, killing more than 200 people. The dump was 

home to -2,000 people who live in shanty-style housing on the garbage heap (Westfall, 

2001). 

It is important to note that in some cases people choose to live in vulnerable locations (see 

Hewitt, 1997 chapter 6 for a review of voluntary and involuntary vulnerabilities). 

Examples include Austrian city dwellers building country homes in the paths of avalanches 

or Americans locating on Caribbean shores, unaware of the potential of catastrophic 

tropical storms (Burton et al, 1993). 
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Population growth and urban expansion 

"Directly, urban growth is responsible for transforming geomorphological processes into 

community hazards" {Cooke, 1984). 

Based upon figures published by the United Nations Population Information Network 

(2003) the world population reached 6.3 billion by the beginning of 2003 and is projected 

to grow to 8.9 billion by 2050. 90% of this growth is predicted to occur within developing 

countries, many of which are subject to extreme natural events (POPIN, 2003 and The 

Population Reference Bureau, 2002 cited in Wisner et al, 2004). While it can be argued 

that an increase in population will undoubtedly increase the number of people exposed to 

natural hazards the simplistic nature of this analysis must be recognised (Wisner et al, 

2004; UNDP. 2004). 

There will also be changes in population distribution with urban population projected to 

increase from under 50% to 60% by 2030 (United Nafions, 1999). This natural 

demographic increase, coupled with mass migrations, has arguably created areas of highly 

concentrated vulnerability (Steedman, 1995). According to Wisner et al (2004) in the year 

2000 there were 19 cities (megacities) with more than 10 million residents. This number is 

projected to increase to 23 by 2015 with 19 of these cities predicted to be in less developed 

countries and 8 within moderate to high seismic risk zones (Wisner et al, 2004). Indeed 

half of the urban dwellers in the world's 50 largest cities live within 200 km of active faults 

known to produce earthquakes of magnitude 7 or greater (Turner et al, 1990). 
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The vulnerability of cities and in particular megacities (cities with populations of >8 

million people (Steedman, 1995)) to natural hazards received considerable attention during 

the International Decade of Natural Disaster reduction (Cross, 2001). Since then much has 

been written about urban vulnerability (Tumer et al (1990); Cohen (1990, 1993); Anderson, 

(1992); Bernstein (1992); Steedman, (1995); Whittow, (1995); Chardon, (1999); Mitchell, 

(1995, 1998, 1999a, 1999b); Mitchell and Parker, (1995) and Smyth and Royal (2000). In 

addition, the Munich Reinsurance Company (2005) have developed a 'natural hazard risk 

index' as part of the 2005 World Conference on Disaster Reduction in an attempt to 

quantify the risk of disaster from natural hazards within megacities. In short, megacities 

are frequently identified as 'major arenas' for natural disasters (Mitchell, 1999b). 

Urban areas are often perceived as being more vulnerable to disasters due to the number of 

people concentrated in a defined and limited space (Anderson, 1992; Smyth and Royle, 

2000). The physical expansion of cities, often involving the occupation of geomorphically 

hazard prone lands that were previously avoided and the extensive growth of spontaneous, 

low-income settlements (often resulting from the lack of regulation and the enforcement of 

planning laws), has ftirther increased vulnerability (Rosenfeld, 1994; McCall, 1998; 

Mitchell, 1999b; Sanderson, 2000; Smyth and Royle, 2000; UNDP, 2004). Between 50 

and 60% of residents live in informal settlements in Bogota, Bombay, Delhi, Buenos Aires, 

Lagos and Lusaka; 60 to 70% in Dar es Salaam and Kinshasa and more than 70% in Addis 

Ababa, Cairo, Casablanca and Luanda (UNDP, 2004). The pressures placed on marginal 

and unsafe land and its subsequent degradation has resulted in an increase in mudflows, 

landslides and flash floods (Wisner et al, 2004). Examples include the 1999 floods and 

mudslides in Caracas, Venezuela where 30,000 people were killed and 10,000 people were 
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displaced by the disaster that affected the densely populated hillside suburbs of Caracas 

(Wisner et al, 2004). 

Jimenez Dias (1992) has undertaken a detailed study to identify the relationship between 

the squatter (barrio) settlements and the incidence and occurrence of slope failure in 

Caracas, Venezuela. Such events have become an increasing problem as rising populations 

caused urban growth to take place on surrounding hillsides, with the problem of slope 

stability being largely ignored. While the barrios are illegal settlements, the state does little 

to stop their spontaneous development (largely through their own political interest). While 

basic infrastructure and services may be provided, houses are often constructed from waste 

or non durable materials and little is done to manage the threat of mass movement. The 

impact of slope modification, the effect of paved areas on runoff generation and the weight 

of houses on the unstable slopes are some of the factors examined within the paper. 

Jimenez Dias (1992) concluded that the areas increasingly affected by landslides correlate 

with the zones where rapid development of new settlements has been taking place. 

Bull-Kamanga et al (2003), Degg (1992) and Alexander (1993) explored the issues of 

vulnerability in smaller urban cenfres and rural areas. Research findings suggested that 

these areas are susceptible to a different set of vulnerabilities stemming from progressive 

neglect, repression and deprivation of the poor (Alexander, 1993). 

Cross (2001) took this one step further and challenged the assumption that megacities and 

large urban areas are uniquely or excessively vulnerable to natural disasters. Instead, 

having analysed the major natural disasters that have occurred between 1990 and 2000, 
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Cross (2001) concluded that megacities had no monopoly on disaster losses during this 

time period, noting that in major metropolitan areas that have experienced disasters, 

destruction was often greater in outlying communities. Examples include the mudflows 

triggered by Hurricane Mitch in 1998 which destroyed rural Honduran villages and the 

town of Posoltega, Nicaragua (IFRCRCS, 1999). In addition, the two most deadliest 

disasters of the 1990s affected rural villages (Cross, 2001). The 1990 earthquake in Iran 

initiated landslides killing >50,000 people (Cross, 2001). The impact of the earthquake 

was far greater in the rural villages, with -83% of destroyed houses being classified as rural 

(Fallahi, 1996). A similar situation was experienced in Bangladesh in 1991 where a 

tropical cyclone caused > 13,000 fatalities in mostly rural areas including farming and 

fishing villages (Cross, 2001). 

Cross' findings build on the earlier work of Lewis (1984) who observed that total losses 

from small and more frequent events are as great as large well publicised disasters. In 

addition, rural areas often suffer greater proportional and numerical losses than urban areas 

affected by the same disaster occurrence (Lewis, 1984). Towards the end of the 

International Decade of Natural Disaster Reduction, the International Federation of Red 

Cross and Red Crescent Societies (1998) categorically denied that megacities were more 

'risky' unless they are associated with poor practice (including environmental policy and 

disaster mitigation) and weak and ineffective urban governments. 
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Factors giving rise to a heightened sense of vulnerability in rural areas are outlined below 

(Cross, 2001): 

• Emergency response capabilities are much poorer in rural areas. For example, there 

may be limited access to emergency medical care. These patterns can be observed 

in both less developed and more developed countries. 

• Communities within rural areas are usually small and relatively isolated making 

rescue and recovery efforts slow (Hewitt, 1992). 

• Hazard mitigation and warming efforts are typically more extensive in major 

metropolitan areas than in smaller communities and particularly those in rural 

settings. For example, there may be earthquake proof housing and landslide 

monitoring (Leimgruber, 1996). 

• Engineered works are far more likely to protect large metropolitan areas than 

smaller communities. For example, insufficient transport infrastructure. 

• Disaster response and recovery may be slower in rural areas. 

While many rural communities have developed coping sfrategies that enable them to live 

and prosper in potentially hazardous environments (for example, shifting cultivation and 

nomadic cattle herding), vulnerability can rise following environmental degradation and 

climate change (UNDP, 2004). While urban areas are also susceptible to environmental 

change, rural areas are believed to be particularly susceptible (UNDP, 2004). 

Poverty, society and marginalisation 

While poverty is not exactly synonymous with vulnerability, it is very close to being so 

(Cannon, 1994). As observed within urban areas, the poorest people in rural areas often 
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occupy the most marginal lands (UNDP, 2004). In addition, endemic poverty not only 

limits choice with respect to location, but also emergency preparedness, and the ability of 

both govemment and individuals to respond to natural disasters (Chapman, 1994). 

It is often argued that it is society that determines where people live and work and therefore 

their level of hazard protection and preparedness (Wisner et al, 2004). Examining fatal 

landslides specifically, fewer rich people become victims of landslides as wealth can be 

used to mitigate against and minimise the impact of hazard events (Wisner et al, 2004). 

However, disaster vulnerability is still present within 'rich' countries. Cannon (1994) uses 

the example of the USA where low wage earners, unemployed and people discriminated 

against because of their ethnicity are seen to suffer greater human and material losses from 

natural disasters. A topical example, although not landslide related, would be the 2005 

hurricane related floods in New Orleans. 

The degradation of natural resources 

Poverty is strongly linked to environmental degradation and there is clear evidence to 

suggest that this exacerbates the impact of a disaster (Alexander, 1997). Examples include 

deforestation which has been linked to increasing landslide occurrence (Glade, 2003; Ives, 

2004). Land may be cleared for agriculture, road construction or to exploit timber 

resources, increasing the susceptibility of these felled areas to natural disasters. The 

extensive upland deforestation that occurred in the Philippmes (Bautista, 1990), reduced the 

stability of volcanic soils, causing debris flows to be far stronger and more destructive 

(Rodolfo et al, 1989). Recent examples include the landslides triggered by typhoon rains in 
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the Philippines in December 2004. These landslides resulted in -1,000 fatalities (Petley et 

al, 2005) and were heavily linked to illegal logging practices. 

While much has been written on population growth putting pressure on land resources, 

increasing deforestation, overgrazing, cultivation, soil erosion and road construction which 

have subsequently been linked to landslide and flood events (UNDP, 2004), there is also an 

alternative view point presented within the literature. Ives (2004) challenges the 

perceptions held by many institutions, agencies and academics regarding environmental 

degradation within the Himalaya which he believes lack scientific substantiation and are an 

exaggeration of the true situation. Empirical analysis and quantification is needed to 

determine the relationship between environmental degradation and the occurrence of 

landslide events. 

2.5.4 Summary 

There has been a clear shift in the conceptualisation of natural disasters from physical or 

natural events towards the integration of human systems (Alcantara-Ayala, 2002; 

Weichselgartner, 2001). In this, the traditional direction of causality has been reversed, 

with vuhierability itself, not physical impact, defined as the root cause of catastrophe 

(Alexander, 1995). In this sense, physical triggers only transform a "scenario of pre-

configured disaster risk" (UNDP, 2004: 62). 

It could be argued that the rhetoric concerning social vubierability ignores the geophysical 

environment which geoscientists would argue is the root cause of natural disasters. Indeed 

little has been done to associate geomorphology and natural hazards directly (Alcantara-
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Ayala, 2002). While vulnerability studies should be viewed as the necessary compliment, 

rather than the alternative to the hazards perspective, this is rarely the case (Hewitt, 1997). 

Both the physical and social systems are not being sufficiently represented within current 

hazard research (Hufschmidt et al, 2005a). When analysing the global spatial patterns and 

controls of fatal landslides it is therefore essential to consider and evaluate the connectivity 

between these systems. 
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2.6 R E S E A R C H HYPOTHESES 

Based upon the findings from the literature review undertaken, the following hypotheses 

have been generated. The landslide database was used to empirically test these statements 

set out to challenge our current understanding regarding global spatial distribution and 

temporal occurrence of fatal landslide events. 

1. The frequency of fatal landslide events is increasing with time. 

2. The occurrence of landslide fatalities is a ftmction of the level of development of a 

country, with lower levels of development being associated with higher numbers of 

fatalities. 

3. The occurrence and impact of fatal landslides is greater in urban than in rural areas. 

4. Areas that have been subject to severe land degradation are more prone to the 

occurrence of fatal landslide events. 

5. Fatal landslides are concentrated in areas characterised by high relative relief, high 

precipitation inputs and/or areas subject to seismic shaking. 

6. Human/social factors are more significant than physical parameters in determining 

the occurrence of fatal landslides. 
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3 R E S E A R C H METHODOLOGY 

3.1 Introduction 

The methodology adopted is based upon the work of Guzzetti (2000) and Alexander 

(2005). The research has been undertaken in a series of stages in order to fulfi l the research 

objectives set out in chapter 1. 

3.2 Creating a workable database 

Prior to undertaking this research the landslide database was essentially a global inventory 

of fatal landslide events from 1900 to the present day. Information held within the archive 

included the date, location (at the national, regional and local scale where possible), type of 

mass movement, size of the event, triggering mechanism, number of fatalities, number of 

injuries and number of people reported missing. Notes on the landslide impact and details 

of the resulting damage were also recorded along with a source of the information (Petley 

et al, 2005). 

The quality of the data varied considerably throughout the database, but for landslides prior 

to the 1990's the database was particularly vague with regards to many of the above 

criteria. Between 1900 and 1994, 300 fatal landslide events were recorded, accounting for 

31% of the total number of landslide events featured within the database. In addition, it is 

likely that this historic record includes only a comparatively small proportion of the total 

number of events that occurred during this period. In light of these problems, the research 

presented here has focused on the more detailed and comparatively complete subset from 

1̂ ' January 1994 to 31^' December 2004, which includes approximately 700 fatal landslide 
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events. These represent over 70% of the events recorded in the long term landsUde 

database. 

A workable database was created from the landslide inventory. The method adopted was 

two-fold. First, an attempt was made to improve the database by adding fatal landslide 

events that had not been previously recorded and by improving the records for landslides 

within the database. Additional information about individual events was obtained from a 

range of data sources including online news reports, academic papers, government data, aid 

agency reports and information gained from personal communication. Useful sources 

included: 

• The Centre for Research on the Epidemiology of Disasters (CRED) EM-DAT database 

• Reports by the National Red Cross and Red Crescent Societies. 

• IRJN News - the United Nations Office for the Coordination of Humanitarian Affairs. 

• Relief Web 

• BASICS (British Association for Immediate Care) Avalanche Database which includes 

landslide events. 

A number of regional and national sources were also available including: 

• The Asian Disaster Reduction Centre - providing national summaries of countries 

within Asia. 

• Landslide Information System -a record of disastrous landslides in India. 

Similar problems to those identified by Guzzetti (2000) and Alexander (2005) (see section 

2.2.4) were encountered when adding to the database. Information was often incomplete, 

unknown or uncertain, in particular in relation to exact date of occurrence, location in 
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space, and the correct number of fatalities. Where possible a range of sources were 

compared for each landslide event to provide the most reliable information concerning the 

number of fatalities, injuries and missing people. This cross-checking and verification 

helped to minimise errors associated with data collection (Calcaterra and Parise, 2001). 

Where more than one value was available for the same event the method used by Guzzetti 

(2000) was adopted in which the figure judged to be the best documented or reliable was 

chosen. Thus, for example, the figures reported in an academic journal or a UN report 

would be selected over a news report. When no such criteria could be applied, the modal 

value was used to avoid over and underestimations of the fatality total. 

An attempt was also made to verify existing entries within the database. In many cases 

online news reports that were the original source of information for landslide events were 

no longer available which was a particular problem for events occurring before 1998. 

Where possible, alternative sources were investigated and the information was cross­

checked. 

Reference was also made to meteorological reports, including the National Climatic Data 

Centre Annual Climate Report (NOAA/NCDC, 2003, 2004, 2005), which provide 

information on annual monsoon strength and on the occurrence of global meteorological 

hazards, including tropical cyclone events. The United States Geological Survey 

Earthquake Hazard Programme database was also used to provide information on historical 

and current earthquake activity globally and by country/region, giving important 

information regarding the possible triggering mechanisms of the recorded landslide events. 
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In order to address the research hypotheses, additional criteria were specifically examined: 

• The location of the landslide in terms of whether it occurred in a rural area or an urban 

centre. 

• The triggering of the landslide in relation to monsoon rainfall, the occurrence of a 

tropical cyclone, or seismic shaking. 

• The occurrence of the event in relation to land degradation such as deforestation or 

changes in fanning practices. 

• The occurrence of the landslide in relation to relevant hurnan/social factors or processes 

that might have played a role in causation or triggering (examples include, quarrying or 

road construction). 

3.3 Locating the landslides 

In order to produce a map, the landslides needed to be spatially referenced with respect to 

latitude and longitude. Having undertaken a reconnaissance study, it was discovered that 

while highly detailed electronic maps exist for certain countries and regions, digital maps at 

the scale required were not available for the entire globe. The latitude and longitude were 

therefore determined using an electronic gazetteer and atlas. The Falling Rain Genomics 

online global gazetteer (1996-2004) is a global index of 2.9 million settlements located 

outside the USA. The gazetteer also provides detailed locational information for all states 

within North America and was found to be the most comprehensive data source available. 

Some towns/villages that did not feature within the gazetteer were located using the Encarta 

electronic atlas (2005) which features 1.8 million places worldwide. 
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The specificity of the locations varied significantly throughout the database. This was 

largely due to the nature of the landslide inventory and the complexity associated with its 

compilation. This resulted in some ambiguity attached to early entries, with a minority of 

the recorded events being located simply by country. In order to develop a workable 

database, an attempt was made to determine more detailed locational information. I f this 

was not possible, the landslide remained in the database for statistical analysis but was not 

mapped. For other landslides a region, province, town or village was listed. The aim was 

to locate the slides as precisely as possible; however many small villages and towns did not 

feature within the Gazetteer or atlas. In this instance the landslide was located to the 

nearest town or city and this was highlighted within the database. For example: 

Taldybulak, Talgar district, 20 km east of Almaty, Kazakhstan 

(The slide was located in Almaty within 20 km of the precise landslide location). 

While more detailed 1:25,000 scale paper maps were available for various regions, it was 

decided these would not be used. This was largely due to the time constramt as >700 

landslides had to be located and using paper maps was time consuming. In addition, the 

available map archive did not provide entire global coverage. Multiple events have been 

located where possible, however in some cases multiple landslides were triggered by one 

across a vast area (province-wide or even countrywide) making individual fatal events 

impossible to locate. In total 72% of the recorded landslide events were located. 
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A further problem encountered related to the variations in the spelling of place names. This 

was one of the clear advantages of using the electronic Gazetteer that listed all variations in 

spelling. For example Huiyuan can be spelt as: 

Hui-yuan-ch'eng Hui-yuan-ch'eng 

Hweiyan Hi 

Hweyiian Hweyuan 

For the purpose of locating the landslides it is necessary to consider the precision of the 

spatial coordinates stored within the database (Theobald, 2003). At the equator each degree 

of latitude measures 111,95 m. Specifying the location to the nearest second is therefore 

precise to within ± 30.8 m at the equator (table 3.1). This distance decreases when moving 

away from the equator to higher latitudes. The Falling Rain global gazetteer locates places 

to the nearest second (~3 m). However, the precision with which the landslides could be 

located depended largely on the quality of the original data. It should be noted that the 

precise landslide location was not provided within the database, but simply a name of the 

place where the fatal mass movement occurred. Locating this place to within ~30 m did 

not mean the landslide was located to the same degree of accuracy. 

Table 3.1 Precision of latitude and longitude measurements (adapted from Theobald, 

2003). 

Precision Distance / m 

Degree 111,195 

Minute 1,853 

Second 30.8 
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3.4 Ground truthing 

In order to validate and determine the accuracy of the landslide locations within the 

database, a ground truthing exercise was undertaken in Taiwan. GPS measurements were 

taken using a hand held global positioning system at nine fatal landslide sites across central 

Taiwan. While it was recognised that nine landslides is a particularly small sample, 

distances between landslide sites and time constraints meant it was only possible to visit 

sites within a certain area. 

Despite an awareness of variations in the accuracy of GPS measurements, for the purpose 

of this study the reference or ground data collected was assumed to be an accurate 

representation of reality (Congalton and Green, 1999; Khorram, 1999). Variations of 15 

metres in locational accuracy were regarded as insignificant when working at the global 

scale. In some cases the landslides were difficult to locate within the field; for example the 

small rock fall that killed two people in their car in A-li-shan. An attempt was made to 

look for evidence of fatal landslide activity and instability (figure 3.1) including clues such 

as the presence of ghost money which is a symbol of death. A further problem related to 

where the GPS readings were taken. For some landslides the GPS reading had to be taken 

at the road side but for others GPS readings could be taken where the displacement 

occurred. In some cases landslides covered extensive areas (for example the 1999 Ts'ao-

Ling landslide (figure 3.2) with an estimated debris volume of 125 million m^ (Lee, 2000)). 

While there was an appreciation that the GPS reading would change depending on where 

the reading was taken, the position of the GPS was largely influenced by issues of safety 

and accessibility to the landslide sites. For sites where more than one reading was taken, 

the most central point was used. 
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Figure 3.1 A fatal landslide event along the Route 21 highway, near Shenmu, Chenyulan 

Stream area, Central Taiwan. 

Figure 3.2 The fatal Ts'ao-Ling landslide, Taiwan. 
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Latitude and longitude measurements from the gazetteer were compared to the GPS 

readings collected for the nine fatal landslide sites visited in central Taiwan. Five of these 

landslides were known to have been triggered by Typhoon Herb in 1996 and were all 

located along the same -20 km stretch of highway in the Chenyulan Stream area (Lin and 

Jeng, 2000). The nearest village/town to the individual landslide sites located by the 

gazetteer was Shenmu where a fatal landslide had also occurred in 1996 (Lin and Jeng, 

2000). The five fatal landslides were therefore all assigned with the same gazetteer 

location. It was therefore known that some of these fatal landslides would be up to 20 km 

from their precise location, a situation similar to a number of landslides within the database. 

In order to determine the locational accuracy of the landslides determined from the 

gazetteer, all latitude and longitude values were converted to the UTM (Universal 

Transverse Mercator) system using an online spreadsheet converter (Dutch, 2005). UTM 

grids are created by laying a square grid on the Earth making it possible to calculate the 

distance between two locations. The results are illustrated in tables 3.2 and 3.3. 

Table 3.2 Converting the latitude and longitude to UTM (the places highlighted were 

located using the electronic gazetteer). 

Landslide Gazetteer E Gazetteer N G P S E GPSN 
Shenmu 717306.171 7393579.666 716732.154 7391218.633 
Junkengo, Shenmu 717306.171 7393579.666 717917.287 7371874.927 
Junken Bridge, Shenmu 717306.171 7393579.666 718441.899 7372851.813 
Fonchu, Shenmu 717306.171 7393579.666 716830.848 7380692.587 
Tonfti, Shenmu 717306.171 7393579.666 715807.417 7390062.935 
Ts'ao-Ling 735683.890 7389632.623 736764.004 7389769.041 
Chu-Feng Ershan 723041.475 7360656.196 719264.493 7348711.726 
A-li-shan 723154.675 7397584.629 725911.090 7399665.867 
Hoping, Taichung 715252.064 7324583.128 727243.898 7338246.391 
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A comparison of the results shows there to be a wide variation in locational accuracy from 

within 1 km to >20 km. Although there are clearly inaccuracies generated by the utilisation 

of a gazetteer, these were felt to be minimal when working at a global scale with reduced 

spatial resolution. 

Table 3.3 Calculating the distance between the GPS and the gazetteer landslide locations 

Distance Distance 
Easting Northing between between 

Landslide Difference Difference points / m points / km 
Shenmu 574.0171101 2361.033329 2429.809462 2.4298095 
Junkengo -611.1151551 21704.73958 21713.3411 21.7133411 
Junken Bridge -1135.727767 20727.85377 20758.94505 20.7589451 
Fonchu 475.3232216 12887.07933 12895.84219 12.8958422 
Tonfii 1498.754598 3516.731711 3822.78266 3.8227827 
Ts'ao-Ling -1080.113667 -136.417745 1088.694326 1.0886943 
Chu-Feng 
Ershan 3776.982393 11944.46969 12527.40804 12.5274080 
A-li-shan -2756.415687 -2081.23773 3453.893154 3.4538932 
Hoping -11991.83486 -13663.2635 18179.35291 18.1793529 

The landslides were inifially defined in decimal degrees because locational information in 

the form of degrees, minutes and seconds is not helpfijl in spatial analysis (Evans and Cox, 

2001; unpublished). Decimal degrees have the advantage that they can be stored in one 

field within a database, making it much easier to plot these data using computer based 

programmes. For the majority of landslides located using the gazetteer, the latitude and 

longitude were available in decimal degrees but conversion was required for landslides 

located using the atlas. Basic editing was also undertaken during and following data input 

for the routine checking of obvious errors. This provided the opportunity to correct 

mislocations (Evans and Cox, 2001; unpublished). 
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3.5 Creating a global spatial landslide inventory 

To analyse the global distribution pattern of landslide activity, a spatial inventory (Dikau et 

al, 1996) was created using a Geographical Information System (GIS). GIS was selected 

due to its functional capabilities which enable the effective management of large volumes 

of complex, spatially referenced data. This chapter will not describe the detailed software 

functionality of the selected ArcGIS programme, but will briefly outline the methodology 

adopted to generate the spatial landslide inventory. 

1. Data input - the data were stored in a simple Excel spreadsheet which was 

subsequently converted into a format that could be used by the GIS (Aronoff, 1989). 

This simply involved selecting the required data (date, landslide location, latitude 

and longitude, number of fatalities and identified trigger) and saving the spreadsheet 

as a database file. The database automatically assigns each entry with an individual 

attribute number allowing queries to be made about these data. The database was 

converted into a point feature shapefile (.shp) using ArcCatalog based upon the XY 

(latitude/longitude) table database. This retained the details of each landslide as 

attribute data. The spatial reference of the input coordinates was set on the standard 

WGS 84 datum, as this format is commonly used for the presentation of other 

global spatial datasets. 

2. ArcMap - Having created a shape file, the landslide point data was added to a map 

file (.mxd) in ArcMap (figure 3.4), for display and spatial analysis. 
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3. Data output - A range of base maps and secondary datasets were added into the 

GIS and the landslide point data overlaid (figure 3.4). A series of thematic feature 

maps were then generated to display the geographical distribution of the fatal 

landslide events in relation to a range of physical and human parameters. 

In an attempt to address the concerns over the ambiguity of the landslide locations, only 

landslides located to within 100 km of their precise location were mapped, a dataset of 528 

landslides. While the majority of the landslides were located far more precisely, this was 

considered accurate enough given the global scale of the research being undertaken, 

especially when considering the spatial scale, extent and variability of the global factors 

which influence landslide distributions. 

The level of locational accuracy was based upon an arbitrary classification. I f the village, 

town or city where the landslide occurred could be located these events were included. 

However, for landslides located by the nearest recognisable village, town or city, the 

accuracy of the location required more detailed consideration. In some cases the level of 

accuracy was clear from the location description given, for example a landslide was located 

in Wabane, Southwest Cameroon, 400 km from Yaounde. In this instance i f the village 

could not be located but the town could, the distance from the landslide was known and i f 

this distance was within 100 km the landslide was included. Findings from the 

reconnaissance study undertaken suggested that news and aid agency reports tended to 

locate landslides in relation to nearby towns of relatively close proximity unless stated 

otherwise or the landslide occurred in a particularly rural location some distance from 
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another settlement. In such instances these landslide events were excluded. An attempt 

was made 

MO 

J 
otr MOTrtrvu inn TTH 1301 trw rail OTA' sot V 3r( (re «-i <re no ITE QDT nre i»x rue w '(re m w 

• 
• • 

• 
• • 

• 
• 

• • 
• • ^ ' 

r 

• • 
«i • 

• 

• • 

« 
• T • •. * 

• 
• • • • 

• •' • 

m 
1 1 
BI7 m% V ID- (re 110 (re Ko (re « j 

Figure 3.3 The landslide point data on an empty grid. 
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Figure 3.4 The fatal landslides located on a basemap of the world. (Basemap: ESRI, 1999). 
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to quantify the locational accuracy of each landslide, however due to the nature of the 

information this proved impossible. 

3.6 Analysing the global distribution of landslides in relation to potential human and 

physical causative factors 

This study used the spatial overlay function of the GIS to examine the correlation of 

landslides and their causative factors (Zhou et al, 2002). GIS has clear advantages over 

manual map production (Dikau et al, 1996). Primarily it can be used to overlay 

information building up a series of layers for example, landslide distribution, global 

topography and population density which allow both qualitative and quantitative 

assessments to be undertaken. These layers can then be combined into a single image 

allowing the analysis of one variable against another. While multivariate analysis is 

possible, this research focused upon univariate analysis, whereby the global fatal landslide 

distribution was analysed in relation to individual physiographic, climatic and human based 

parameters (Small and Cohen, 1999). 

Having identified the physical and human/social causative factors of mass movement 

(including global topography, seismic activity, precipitation and population density) it was 

necessary to obtain secondary datasets for use within the GIS. When selecting the data, 

two issues must be considered; the resolution and quality of the data being used, and 

secondly the importability and usability within ArcGIS. 

The resolution of the data is particularly important when analysing spatial relationships. 

Population density, relative relief and mean annual precipitation data have all been spatially 
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averaged using some form of statistical interpolation from either point measurements or 

surveys, or from analysis of various forms of remote sensing data. This is then re-sampled 

to a desired resolution required to generate a raster map (where spatial data is expressed as 

a matrix of cells) (Duncan, pers comm.). The resolution is commonly a balance between 

the clarity of the image and the practicality of the file size. For example, a relief grid may 

be generated from digital elevation data and the calculated difference in elevation between 

a number of cells. Mean annual precipitation data will be calculated from raw rain gauged 

measurements collected over a certain area (figure 3.5). 
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Figure 3.5 A raster map of mean annual precipitation in the South Asian region. 

(Rainfall data derived from Willmott et al, 1998; created into a raster image by Duncan, 

pers comm.). 
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When analysing the spatial relationship between landslides and the selected parameters the 

resolution of the parameter data was often greater than the landslide data. For example, the 

relative relief data have a resolution of 2.5 km, while some of the more poorly located 

landslides were potentially located up to 100 km from their actual location. As a result 

some of the landslides may be associated with incorrect parameter values, or indeed located 

in cells which neighbour their actual positions. However, while it is necessary to have an 

awareness of such issues, this research was concerned with analysing the broad spatial 

patterns and controls of fatal landslide occurrence on a global scale. It was also found that 

the nature of the global datasets, in general, show a transition from extremes, from say an 

area of high rainfall to an area of low rainfall, rather than a sharp step in the data value in 

neighbouring cells, which is potentially a result of the way in which the datasets are 

derived. Therefore mis-location of a single, or small number o f landslides within this 

landslide database would have little bearing of the statistical significance o f any result 

obtained. Analysis of this variation induced by location, relative to the other uncertainties 

within the database would help to qualify this further, but is beyond the scope of this study. 

3.7 Spatial analysis 

A fundamental way of analysing the relationship between landslides and their causative 

factors is to examine the distribution o f landslides in relation to each physical and 

human/social factor (Carrara et al, 1991). This method was adopted by Zhou et al (2002) 

in their landslide research on Lantau Island, Hong Kong. In the study reported here the 

global distribution o f landslides was analysed in relation to the following: 

• Global population density 

• Global plate boundaries 
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• Mean annual precipitation 

• Global relative relief 

• A global erosion index 

The Geography Network houses a suite o f datasets that are accessible within ArcGIS. 

These include global population statistics compiled by ESRI using data from national 

population censuses and the United Nations demographic year books. For other data sets 

alternative sources were sought. For example, global precipitation data and relative relief 

were provided by Duncan {pers comm.) from the Department o f GeoSciences, University o f 

Massachusetts ( f i i l l details o f the derivation o f these datasets and their format can be found 

in section 4.3.2). 

3.8 Evaluating the completeness of the landslide database 

The final stage of the methodology involved evaluating the completeness of the landslide 

database. Phase one was a simple desk top study comparing the landslide database with 

other established landslide inventories including the EM-DAT Disaster Events Database 

compiled by the Centre for Research on the Epidemiology of Disasters, University o f 

Louvain, Belgium and the global inventory compiled by Alexander (2005). Phase two 

investigated a series o f case studies including China, Iran and fieldwork undertaken in 

central Taiwan. The reliability of the database for Taiwan was discussed during interviews 

with academics at the National Taiwan University in Taipei. Visits were undertaken to 

sites affected by landslides following Typhoon Herb in 1996, the Chi-Chi earthquake in 

1999 and Typhoon Toraji in 2001. The aim of this fieldwork was to evaluate the current 
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database, to identify where fatal landslides occurred and to develop an understanding o f the 

triggering mechanisms of fatal landslide events. 
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4.1 I N T R O D U C T O R Y A N A L Y S I S 

4.1.1 Introduction 

The landslide dataset includes 642 fatal landslide events recorded between 1 '̂ January 1994 

and 31*' December 2004. These events resulted in 13,011 fatalities. In addition, 79 

multiple mass movement events were recorded, increasing the death toll by 40,000 

fatalities. In total, the dataset recorded 53,011 fatalities, an average of -4,819 deaths per 

year. 

4.1.2 Spatial Analysis 

Figure 4.1 illustrates the spatial distribution o f all fatal landslide events that have proven 

possible to locate to within 100 km of their precise location. Mass movement events were 

recorded in 81 countries throughout Africa, the Americas, Asia, Australasia, Europe and the 

Middle East. The events predominantly clustered in Asia, along the Himalayan Arc, 

through the southern and central provinces o f China, along the Indonesian archipelago, in 

the Philippines and in Japan. 

4.1.3 LandsUde fatalities 

Figure 4.2 illustrates the number o f individual landslide events recorded per year and the 

number o f associated fatalities. There was a dramatic increase in the number of recorded 

events between 2002 and 2003, with 63% of recorded landslides occurring in 2003 and 

2004. Since September 2002 the landslide database has been compiled on a daily basis, 

generating a relatively complete catalogue o f fatal landslide events. In addition, there has 

been considerable improvement in the quality and availability o f data on disasters in recent 
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years (Alexander, 1997). However, when compiling the long term inventory a decay effect 

was observed as information on landslide events became increasingly difficult to obtain 

(Petley et al, 2005). 
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Figure 4.2 The number o f fatal landslide events and the number of related fatalities 

recorded within the landslide database between 1994 and 2004. 

In an attempt to examine the change in the occurrence o f landslide fatalities with time, the 

dataset has been clipped to exclude events with <10 and > 1,500 fatalities. Collecting 

information and data about small scale events is often difficult, with a large percentage of 

events going unreported due to their relatively low impact (Petley et al, 2005). While these 

events were recorded in the 2002-2004 subset, the retrospective database did not pick up 

these events. The lower boundary has therefore been set using criteria from the established 

Centre for Research on the Epidemiology of Disasters database. In addition, very large 
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events occur so infrequently that they represent outliers in a data set o f such a relatively 

short duration (Petley et al, 2005). Figure 4.3 plots these data accompanied by an 

exponential trend line. These data show an overall rise in the number of landslide related 

deaths per year. In addition, there is a clear increase in the number o f fatalities from 1999. 

Prior to this, the pattern is far less clearly defined. The most dramatic increase o f 1,425 

fatalities occurred between 2003 and 2004. One possible explanation for this observed 

trend relates to the increasing availability o f data and the better reporting o f landslide 

events in recent years. 
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Figure 4.3 The number of landslide fatalities per year resulting from moderately-sized 

events. 

4.1.4 Magnitude-frequency analysis 

When analysing the magnitude-frequency pattern o f the dataset, multiple landslides (where 

the number o f fatalities per event was unknown) were excluded. The remaining landslide 
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events followed the standard magnitude-frequency relationship for natural hazards (figure 

4.4). 5 1 % of the landslide events recorded resulted in < 5 fatalities. However, these events 

accounted for only 5% of the total number o f recorded fatalities. In comparison, the rare, 

exceptionally high magnitude events characterised by > 1001 fatalities were seen to cause 

the majority of fatalities. 
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Figure 4.4 Magnitude-fi^equency relationship for the number o f deaths per landslide event. 

The graph excludes multiple landslide events where the number o f fatalities per event was 

unknown. 

4.1.5 Types of Mass Movement 

While the type of mass movement has not been recorded for all landslide entries within the 

landslide database, analysis o f the available information suggests the high numbers o f 

fatalities were associated with multiple landslides, debris and mudflows. Events 

characterised by > 1,000 fatalities included the multiple landslides in Vargas, Venezuela, 
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the debris and mudflows in Haiti and Colombia and the volcano flank collapse in 

Nicaragua. However, mudflows and multiple landslides were also associated with low 

numbers o f fatalities; for example, the mudflows in Thailand and Tajikistan in May 2004 

which resulted in 8 fatalities. Rockfalls were generally associated with fewer deaths per 

event, with 7 1 % of events resulting in <10 fatalities. Two rock avalanches were recorded; 

the first in the Mont Blanc Range in Italy in 1997 kil l ing 2 people, the second in Dharchula, 

India in 1998 which resulted in 210 fatalities. Similarly, mudslides and landslides were 

seen to vary in magnitude and impact, with fatalities ranging fi"om 1 to >500 deaths per 

event. These findings illustrate the heterogeneity o f the impacts o f mass movement. 

4.1.6 Landslide Triggers 

A trigger has been identified for 75% of the recorded landslide events. 87% of those 

landslides were triggered by high intensity or prolonged precipitation events often 

associated with the annual monsoon or tropical cyclones. These rainfall induced landslides 

caused 94% of the recorded fatalities. Earthquakes were a comparatively infi-equent 

trigger, initiating only 4% of the fatal mass movements, which resulted in 4% o f the 

recorded fatalities. Other physical triggers included glacial collapse and heavy snow which 

triggered 0.9% of events and 0.3% of fatalities. Two recorded events were associated with 

volcanoes, the flank collapse o f Casita volcano in Nicaragua, triggered by heavy rains from 

Hurricane Mitch, and a landslide on Chichontepec volcano in El Salvador triggered by a 

magnitude 6.6 earthquake. Additional events within the database were associated with 

mining and excavation work, road construction and embankment failure, triggering 7% of 

landslide events and resulting in 0.7% of fatalities. 
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4.1.7 Regional Analysis 

Analysing global averages o f fatality data often masks the vulnerability o f certain nations, 

as noted by Bilham (2004) with reference to earthquake disasters. With this in mind 

regional and sub-regional analyses have been undertaken. Table 4.1 and figure 4.5 provide 

a regional breakdown of fatal landslide events (see Appendix 2 for individual countries). 

The American region furnished the highest death toll , accounting for 76% of the total 

fatalities. The sub-regional breakdown shows that the highest number of fatalities occurred 

in South America, dominated by the 1999 Venezuelan landslides. 

Table 4.1 Regional breakdown of landslide disasters between January 1994 and December 

2004. 

Region Sub-region No. of landslide No. of multiple Total no. of 
events landslide events fatalities 

Africa North 1 230 
Sub-Saharan 27 1 391 
South Africa 1 34 

29 1 655 
Americas North 20 51 

Caribbean 12 3 4555 
Central 15 2 2772 
South 56 11 32950 

103 16 40328 
Asia South 183 21 4087 

Central 22 1 631 
East 140 21 2995 
South East 129 12 3480 

474 55 11193 
Australasia Australia and 

New Zealand 
9 1 177 

Pacific 3 2 36 
Islands 

12 3 213 
Europe 21 2 402 
Middle East 3 2 220 
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CHAPTER 4 RESULTS AND ANALYSIS 

The number of fatalities was also high in Asia (Figure 4.6) with 21% of the recorded 

fatalities occurring within this region. The South Asian sub-region emerged with the 

highest death toll , accounting for 37%) o f fatalities within the region, followed by East Asia 

with 30%). 

o«k: 
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Figure 4.6 A regional breakdown showing the number of fatalities per landslide event for 

Asia (Basemap: ESRI, 1999). 

4.1.9 Multiple landslide events 

79 multiple landslide events were recorded within the database. 70% o f these events 

occurred within Asia and 20%i in the Americas. Despite the higher fi-equency of events 

within Asia, the death toll was approximately 13 times greater in the Americas which 

experienced 35,174 landslide induced fatalities. These statistics can be attributed to two 

exceptionally high magnitude multiple mass movement events, the most significant of 
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which occurred in Venezuela during 1999 when heavy rain triggered multiple landslide 

events resulting in ~30,000 fatalities. Haiti experienced two relatively high magnitude 

landslide events, including mudflows triggered by high intensity precipitation in May 2004 

that resulted in -1500 fatalities and a similar event in September o f the same year resulting 

in a further 3,006 deaths. The landslide database suggests that while the frequency o f fatal 

landslides was greater in Asia, low fi-equency but exceptionally high magnitude multiple 

mass movement events were seen to occur in the Americas. However, to aff i rm these 

findings it would be necessary to look beyond this eleven year dataset. 

Summary 

This sub-chapter has outlined the broad trends and spatial patterns observed in the 

distribution o f fatal landslide events recorded within the landslide database. The following 

conclusions have been made: 

1. The frequency o f fatal landslide events in the database shows an increase with time. 

However, these findings may be attributed to better reporting and recording of 

events which has enabled the compilation of a more comprehensive dataset. 

2. The landslides recorded fit the classic magnitude-frequency relationship 

characteristic of hazard events (Alexander, 2005). 

3. The highest numbers o f fatalities (> 1,000 fatalities) were associated with multiple 

landslides, debris and mudflows. Rockfalls were generally associated with <10 

deaths per event, while mudslides and landslides were seen to vary in magnitude 

and impact with fatalities ranging from 1 to >500 deaths per event. 

4. The dominant triggers o f fatal landslide events were high intensity and prolonged 

precipitation, which triggered 87% of the recorded mass movement events. 
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5. The American region fiimished the highest death tolls accounting for 76% of the 

total fatalities, while 2 1 % of fatalities occurred in Asia. 

6. Asia's landslide inventory was dominated by high frequency, low magnitude 

events, while high magnitude, low frequency events characterised the Americas. 
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4.2 A N A L Y S I N G T H E S P A T I A L D I S T R I B U T I O N O F F A T A L 

L A N D S L I D E E V E N T S : T H E H U M A N P E R F E C T I V E 

4.2.1 Introduction 

This sub-chapter attempts to address the complex issue o f human vulnerability and the 

impact o f economic development upon landslide related fatalities. The relationships 

between population density, population growth and fatal landslide occurrence have been 

examined and comparisons made between the occurrence and distribution o f fatal landslide 

events in urban and rural areas. In addition, the impact o f deforestation, agricultural 

practices and road construction have also been considered, with a view to determining their 

influence on the magnitude and distribution of fatal landslide events. 

4.2.2 Assessing vulnerability 

Classifying countries as underdeveloped, developed or developing is contentious, 

particularly as the term development is fraught with ambiguity and definitions are seen to 

vary. A number o f reports and papers examining the trends in hazard occurrence compare 

the impact o f events in less developed and more developed countries (Hewitt, 1997; 

Alexander, 1989, 2005; Alcantara-Ayala, 2002; Wisner et al, 2004). In an attempt to 

undertake a similar form of analysis, reference has been made to the World Bank's World 

Development Indicators Report (2005) which categorises countries by gross national 

income (GNI) per capita into low, lower middle, upper middle and high income counfries 

(Figure 4.7). An attempt is also made to assess vulnerability (defined by the World Bank 

(2005) as a households resilience in the face of shocks and the likelihood that a shock w i l l 

lead to a decline in well-being) based upon a series o f indicators including urban formal 
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sector employment, youth employment, children in the labour force and private health 

expenditure (World Bank, 2005). However, the availability o f data varies significantly 

between countries. The spatial distribution of fatal landslides have therefore been analysed 

based upon the World Bank's income classification (World Bank, 2005) which provides a 

crude indication o f levels of poverty and deprivation (figure 4.8). 

The world by Incomo 
Lix>($7«5orlMa) O 
lwwmkMI*(t7M-$3.03S) O 
Upiwmld<ll>(t3.03<-t9.3«) 9 

Hltfi(S».3a6oiinora| 0 
Nodala O 

ClauHM Kcofdlng to 
iBanknUmrtnal 
2S«3 0MlpwcapNa 

ill 

Figure 4.7 The world by income (The World Bank, 2005). 

Countries within the landslide database were classified based upon the World Bank's 

income classification. The results show that fatal landslide events occurred most frequently 

in lower middle income countries, where 45% of landslide events and 58% of multiple 

mass movement events were recorded (figure 4.8). Low income countries also experienced 

a high frequency o f fatal landslide activity, with 39% of recorded landslide events and 32% 

of multiple events occurring within these countries. The number of events recorded for 
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upper middle and high income countries was far lower. 16% of the recorded fatal landslide 

events and 10% of the multiple events occurred within countries in the upper income 

bracket. However, it should be noted that the number of events recorded in high income 

countries was more than three times greater than countries classified with an upper middle 

gross national income per capita. These findings differ from the hypothesised model. 

350 

250 

? 200 

150 

100 L B I 

35000 

30000 

25000 J 

20000 f 
o 

I 
15000 I 

c 
10000 1 

Low income countries Lower middle income Upper middle income High Income countries 
countries countries 

Income claaelficatlon 

I No. l/s events ttm No. multiple l/s e\ents Fatalities 

Figure 4.8 The number of fatal landslide and multiple landslide events recorded and the 

total number of fatalities in low, lower middle, upper middle and high income countries. 

The fatality breakdown shows an interesting and unexpected trend, with the highest number 

of fatalities being recorded within upper middle income countries associated with the 

lowest recorded incidence of landslide activity. 21% of recorded fatalities occurred in low 

income countries and 20% in lower middle income countries (a difference of -348 

fatalities). As hypothesised the high income countries fiimished the lowest death tolls 
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accounting for 1% of the total recorded. Table 4.2 shows the top twenty countries with the 

highest recorded fatality totals. These findings suggest that landslide fatalities do not 

necessarily correlate with the level of economic development of a country and therefore 

differ from the findings of Alexander (1993, 2005) and Alcantara-Ayala (2002) who 

observed that global death tolls due to natural disasters were concentrated in developing 

countries. Instead the relationship appears to be far more complex than the hypothesis 

suggests. 

Table 4.2 The top twenty countries with the highest number of recorded fatalities. The 

income classification is based upon the World Bank (2005). 

Rank Country Income No. of landslide No. of multiple No. of 
classification events landslide events fatalities 

1 Venezuela Upper-middle 1 30000 
2 Haiti Low 4 2 4519 
3 China Lower-middle 86 17 2250 
4 Philippines Lower-middle 45 6 1823 
5 India Low 76 11 1726 
6 Nicaragua Low 1 1 1694 
7 Colombia Lower-middle 17 4 1479 
8 Indonesia Lower-middle 50 5 1260 
9 Nepal Low 61 7 1201 
10 El Salvador Lower-middle 3 558 
11 Afghanistan Low 4 537 
12 Peru Lower-middle 14 527 
13 Brazil Lower-middle 11 4 517 
14 Taiwan Lower-middle 14 2 487 
15 Mexico Upper-middle 6 1 382 
16 Sri Lanka Lower-middle 6 1 315 
17 Kyrgyzstan Low 7 1 258 
18 Morocco Lower-middle 1 230 
19 Bolivia Lower-middle 2 2 221 
20 Japan High 33 2 208 
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When analysing the spatial trends in fatal landslide occurrence it is important to consider 

the time scale over which the data has been collected. Would similar spatial patterns 

emerge i f a longer time series was examined or i f more detailed information was available 

in areas where landslide fatality data is currently sparse? Such factors would undoubtedly 

influence our understanding of the spatial distribution of fatal landslide events and the 

associated spatial vulnerabilities. For example, between 1994 and 2004 the landslide 

fatality dataset is heavily skewed by the mudslide events in Venezuela, highlighting the 

vulnerability of communities in upper middle income countries in Central and South 

America. These findings suggest that the occurrence of fatal landslide events is not simply 

a function of the level of development of a country. I f landslide events (and associated 

fatalities) triggered by the 2004 Indian Ocean earthquake and the fatal mass movement 

events in 2005 were included in the dataset, the picture would be somewhat different. The 

Kashmir earthquake in October 2005 triggered extensive landsliding and while the number 

of landslide related deaths is unknown, in total the earthquake killed >73,000 people 

(CRED, 2006). In addition, with the exception of Hurricane Stan and Katrina (affecting 

Guatemala and the USA respectively), the natural disasters associated with the highest 

numbers of deaths occurred within the Asian region in low and lower middle income 

countries, affirming the fmdings of Alexander (1993, 2005) and Alcantara-Ayala (2002). 

However, as previously noted it would be necessary to examine a longer data set to 

determine the spatial representivity of the eleven year dataset. 

4.2.3 Population density and landslide occurrence 

In general there is some logic in contending that there will be a positive correlation between 

numbers of landslide fatalities and population density. I f a landslide occurs within a 
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densely populated area more people are potentially exposed and 'at risk' from the impact of 

this event. Viewing this model in its most simplistic form, i f a landslide occurs within the 

urban centre of Rio de Janeiro in Brazil, the number of people exposed to the hazard is 

high, increasing the likelihood of fatalities and injuries. In comparison, i f a similar sized 

event occurred within a sparsely populated part of the High Himalaya, the number of 

people exposed to the hazard would be comparatively low. While the distribution of 

landslides is uneven, population growth is occurring in areas that are susceptible to mass 

movement. These rising global populations will undoubtedly put more people at risk from 

landslide events, a model based purely on probability of exposure. 

Vuhierability is often high where settlements are at their most dense and/or where they are 

most exposed to the hazards. For example, settlements concentrated at the foot of an 

unmanaged or poorly engineered slope are particularly susceptible to landslide events 

(Alexander, 2005). Vulnerability is perceived to be at its greatest when high population 

densities and high levels of hazard intersect. With this in mind the fatal landslide events 

have been plotted on a base map of global population density (Figure 4.9). 

Landslide events are clustered within south eastern China, India, Japan, Korea and on the 

island of Java, which are areas characterised by high population densities. However, the 

spatial relationship observed in figure 4.9 is somewhat misleading. A closer examination 

of the Asian region (figure 4.10) depicts the clustering of events along the Himalayan arc. 
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many of which actually occur in sparsely populated terrain. Here the inhabitants live in 

hundreds of small villages along the valleys and in a number of small, rapidly growing 

towns (Hewitt, 1997, 2004). As the fatality map illustrates (figure 4.6) fatal landslide 

events occurring along the Himalayan Arc are of predominantly low magnitude (<20 

fatalities), reflecting the low population densities that characterise the region. These 

fmdings suggest that the distribution of fatal landslides is not controlled by a single variable 

alone, for example population density, but by the interaction of several influencing factors. 

For example, the Karakoram is characterised by tectonically destabilised slopes and high 

climatic inputs making the mountain range susceptible to mass movement (Alexander, 

2005). There is however, a strong correlation between high population density and fatal 

landslide occurrence on Java (figure 4.10). In addition, exceptionally low population 

densities may explain the absence of fatal landslides on the island of Papua and Papua New 

Guinea, which is one of the most seismically active areas on Earth and where landslide 

frequency is known to be relatively high (Brabb and Harrod, 1989). 

A number of studies have been undertaken examining the global distribution of the human 

population in relation to a range of physiographic parameters, including elevation and 

climate (King et al, 1994; Cohen and Small, 1998; Small and Cohen, 1999). Small and 

Cohen (1999) analysed the distribution of global population relative to precipitation. They 

observed a normalised distribution around 800 mm of rainfall per year, areas occupied by 

approximately 500 million people. In addition, when analysing the annual rainfall 

variability over a thirty five year period. Small and Cohen (1999) observed a peak in the 

global population density in areas characterised by -5000 mm of annual precipitation. This 

peak corresponded with the prolonged and high intensity ramfall associated with the Asian 
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monsoon, suggesting a large number of people are vulnerable to monsoon triggered 

landslides (see section 4.4.3). 

Examining the global distribution of population with elevation, it can be observed that 

average population densities diminish rapidly with increasing altitude, with inland 

population densities being at their highest in topographic basins adjacent to mountain 

ranges (Small and Cohen, 1999). Using digital elevation data from GTOPO30 and 

population data from the Gridded Population of the World (GPW2) produced by CIESE^ 

(2000), Duncan (2001) analysed the spatial distribution of the global population in relation 

to elevation, concluding that 10% of the global population inhabited areas above 4,000 feet 

(1220 meters). These data provide an indication of the total number of people living in 

mountain environments which are highly susceptible to mass movement events. 

4.2.4 Vulnerability in rural and urban areas 

"Vulnerability of both megacities and small communities is determined by their physical 

and social exposure, disaster resilience, pre-event mitigation or preparedness, and post-

event response" (Cross, 2001: 64). 

Nearly half of the global population lives in urban areas and this is projected to increase to 

60% by 2030 (United Nations, 1999) (figure 4.11). In addition, approximately 400 million 

people live in megacities, half of whom are located in seismically-active zones (Bilham, 

2004). While the urban population is increasing over time, a larger percentage of the 

population occupies rural areas. In addition, cities cover a small fraction of the area of 
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most countries and <1 % of the Earth's total land area (Hewitt, 1997). However, the 

significance of urban risk arises from the actual and potential scales of disasters occurring 

within cities resulting fi-om the number of people concentrated in a defined and limited 

space (Alexander, 1989; Anderson, 1992; Steedman, 1995; Hewitt, 1997; Smyth and 

Royle, 2000; Cross, 2001). With this in mind, it has suggested that the impact of fatal 

landslides is greater in urban than in rural areas (Alexander, 2005). 

5 20 

2020 2030 

Year 

Urban 

Figure 4.11 The percentage of the world population living in rural and urban area (The 

United Nations Population Division, 2004). 

The occurrence of landslides in terms of rural/urban setting has been analysed with 

difficulty because the data on the actual setting of the landslide is poor or in some cases 

missing and multiple events may affect both urban and rural areas. Thus, only events 

where the location is known with confidence are included. In addition, it has been 
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recognised that the number of fatal landslide events is underreported for rural areas (section 

2.2). The figures citied here are therefore likely to underestimate the impact of landslide 

hazard events. For the fatal landslide events recorded within the landslide database, the 

frequency of occurrence was far greater in rural than in urban areas, with 74% of events 

occurring in hamlets, villages and other sparsely settled areas. While only 26% of the 

landslide events recorded occurred in urban areas, these events accounted for 59% of the 

total fatalities. 

Assessing the occurrence of fatal landslides within rural areas 

Rural landslides were found to be relatively low in magnitude, characterised by an average 

of 19 fatalities per event. These included rock falls striking cars travelling along mountain 

roads, landslides burying houses and communities, and landslides generated by engineering 

or mining activities. In total, 41% of the recorded fatalities occurred within rural areas. 

The lower fatality totals observed may be explained by the relatively low population 

densities that characterise rural areas. However, rural areas are not necessarily sparsely 

populated. For example, rural population densities in parts of east and south Asia often 

exceed that of many American suburbs (Cross, 2001). In addition, while rural areas and 

small urban cenfres may have smaller total populations, often a far higher proportion of 

their population is vulnerable to hazard events (Degg, 1992; Cross, 2001; Bull-Kamanga et 

al, 2003). These areas are susceptible to a different set of vulnerabilities, which stem from 

neglect, repression and deprivation of the poor (Alexander, 1993). While there is 

undoubtedly poverty and inequality within most cities that gives rise to spatial variations in 

vulnerability, in comparison with rural areas large urban centres often have greater 
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financial capabilities and expertise to mitigate against disasters and to deal with the 

aftermath (Cross, 2001). In addition, the focus of the International Decade of Natural 

Disaster Reduction was risk reduction within megacities (Steedman, 1995; Mitchell, 1999). 

Thus the urban environment was and continues to be the focus of disaster management 

strategies and associated investment. 

Loss of life fi"om landslides is related to the speed of onset/movement and the state of 

immediate awareness of the event among potential victims (Alexander, 1989). With this in 

mind a possible explanation for the higher fi-equency of fatal landslide events may be 

related to the comparative absence of risk assessments, slope monitoring and mitigation 

being undertaken within rural areas. 

While the high frequency, localised events were characteristically low in magnitude, the 

impact of high magnitude, multiple mass movement events is often feh more heavily in 

outlying communities than in urban areas (Cross, 2001). Examples mclude the 1999 

Venezuelan mudslides, which not only caused destruction within the urban centre of 

Caracas where ~40 people were killed, but also caused devastation throughout eight states 

including the rural areas in Miranda and Vargas, resulting in -40,000 fatalities (Ministry of 

Planning and Development, 2000). Debris flows triggered by the volcanic flank collapse of 

Casita volcano in Nicaragua in 1998 were also seen to destroy several towns and smaller 

settlements causing -1680 fatalities (author's dataset). 
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Assessing the occurrence of fatal landslide events within urban areas 

Fatality totals in urban areas ranged from 1 to >3,000 fatalities, with an average of 77 

deaths per landslide event (58 more fatalities per event than in rural areas). Indeed as noted 

by Hewitt (1997), while a smaller fraction of fatal landslide events occur in cities they are 

generally more lethal when they do occur and are often associated with extensive 

devastation and high numbers of casualties. This pattern is certainly evident within the 

database. 

However, when considering the occurrence and impact of fatal landslide events within 

urban areas, the focus is often placed on shanty-style settlements, precariously balanced on 

hill slopes in rapidly expanding third world cities. Certainly, a disproportionate share of 

megacities are located in less developed countries where poverty, political and social 

inequalities combine to heighten the vuhierability of the urban population (Cross, 2001; 

Cannon, 1994; Wisner et al, 1994). The growth of urban areas has resulted in the physical 

expansion of cities with the occupation of sites at high risk from disasters, including 

hillsides, slopes and other land subject to instability (Jimenez Diaz, 1992; Smyth and 

Royle, 2000; Bull-Kamanga et al, 2003). 

Having analysed the location of the 744 fatal landslide events recorded within the landslide 

inventory, only 14 of the events are associated with urban slums and shanty-style 

settlements. Examples include the 1999 floods and mudslides in Venezuela in the densely 

populated hillside suburbs of Caracas; an earthquake induced landslide which buried a 

shanty-town on the outskirts of San Salvador killing ~518 people and the 1999 landslides in 

Manila in the Philippines, which buried 300 houses killing ~59 people. In total the 14 
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events caused -1,000 fatalities (2% of the total number of fatalities recorded). This is 

surprising given the commonly held perception that people living in shanty-style 

settlements are a highly, i f not the most, vuberable group of people to landslide events. 

This misrepresentation may be attributed to media sensationalism which focuses on larger 

magnitude events and pays comparatively little attention to rural disaster losses which are 

less concentrated, less dramatic and seemingly less significant (Lewis, 1984). 

Alternatively, the relatively low fatality totals associated with shanty-style settlements may 

reflect better management of the urban environment. For example, Chau et al (2004) 

analysed the spatial distribution of landslide events within Hong Kong between 1984 and 

1996, where 28% of landslides were seen to affect squatter settlements. However, with 

their gradual decrease following the implementation of effective public housing policy, 

shanty-style settlements are becoming increasingly less vulnerable to landslide events. 

Similar schemes include the Favela Bairro squatter settlement upgrading programme in Rio 

de Janeiro, Brazil (Riley et al, 2001). Such programmes, along with a better understanding 

of landslide causative factors and vuhierabilities, have perhaps led to the more successfiil 

management of the urban landslide problem. 

Fatal landslides affecting shanty-settlements would undoubtedly reflect badly on 

governments and authorities who may be criticised for their lack of intervention, ineffective 

housing policies and the absence of building regulations. An alternative viewpoint 

therefore, is that not all fatal mass movement events affecting squatter settlements were/are 

reported. This may explain the low number of landslide events associated with shanty-

settlements recorded within the database. 
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Undeniably, a smaller number of fatal landslide events occur within urban than rural areas. 

This is probably because cities have the financial capabilities and expertise to manage and 

mitigate against landslide disasters. Examples include the densely settled urban areas of 

Hong Kong island and the Kowloon Peninsula which are highly susceptible to landsliding 

(Chen and Lee, 2004). A number of fatal landslides have historically occurred (Premchitt 

et al, 1994; Chau et al, 2004) including the 1972 Sau Mau Ping landslide in eastern 

Kowloon which destroyed a housing estate killing 71 people, and the Po Shan Road 

landslide on the same day which destroyed two apartment blocks resulting in 67 deaths on 

Hong Kong Island (GCO, 1972). 

Hong Kong is highly susceptible to landsliding due its characteristic hilly terrain and 

intense rainfall, which triggered 90% of recorded slope failures (Chen and Lee, 2004). 

Undoubtedly, landsliding in Hong Kong will always occur due to its geographical setting 

and the geological conditions. However, despite rapid urbanisation within difficult terrain, 

the number of fatal landslides recorded has rapidly decreased. Indeed, analysing the 

landslide database it can be concluded that no fatal landslides have been recorded for Hong 

Kong since 1994. This has been largely associated with the implementation of Hong 

Kong's landslide prevention strategy and long-term public safety programme in 1977 

which involves regular maintenance of slopes (for example, constructing retaining walls, 

anchoring slopes, implementing effective drainage systems and revising slope geometry) 

(Chen and Lee, 2004; Malone, 2005). 
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4.2.5 The impact of landuse change 

Slope failure has also been viewed as the product of contemporary land use change 

occurring in association with a physical trigger (Smyth and Royle, 2000). This model is 

relevant to both the urban and rural environment as examples of activities resulting in land 

use change include road construction, deforestation, terracing and changes in agricultural 

practices (Barnard et al, 2001), activities often linked to rising population pressures 

(Gerrard and Gardner, 1999). 

Road construction in rural mountain environments is often associated with landslide 

activity (Owen, 1996; Sarkar, 1999; Pascual, 2001; Chang and Slaymaker, 2002; Pande et 

al, 2002; Barnard et al, 2001). However, only four landslide events recorded within the 

inventory were directly associated with road construction, resulting in a total of 45 fatalities 

(0.08% of the total deaths recorded). This is surprising given the high frequency of fatal 

landslide events recorded for the Himalaya and the problems associated with road 

construction within the region (Pascual, 2001). 

Rising population pressures, poverty and third world debt burdens are believed to be 

increasing the pressures placed on forest resources. Extensive deforestation has occurred 

increasing the level of soil erosion, the impact of high intensity rainfall events and 

subsequent landslide activity (see 'The Theory of Environmental Degradation' in Ives, 

2004, pp.4-5). However, deforestation was associated with only five fatal landslide events 

in the database. These occurred in Indonesia (266 fatalities), the Philippines (154 fatalities) 

and the USA (18 fatalities) and accounted for ~ 1 % of recorded fatalities. These findings 

are surprising given the common link that is often made between landslide occurrence and 
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deforestation. However, Ives and Messerli (1989) and Ives (2004), with reference to the 

Himalaya, have rejected claims that widespread deforestation has been occurring. Instead, 

while it is suggested that some forests have been subject to clearance, environmental 

reports have often been deliberately distorted. Perhaps therefore, the relationship between 

deforestation and landsliding has been heightened by sensationalised media representations 

that focus on and magnify the human mismanagement of the environment. 

It has sometimes been suggested that landsliding is based on a cycle, with large scale 

landslide events being followed by periods of inactivity (Carson, 1985 cited in Ives, 2004). 

Thus, periods of relative stability are required to enable the accumulation of newly 

weathered mantle in preparation for the next major failure (Ives, 2004). Forested slopes 

merely postpone the occurrence of a cycle and instead facilitate the production of a deeper 

debris mantle that subsequently results in large scale events with longer recurrence 

intervals. While deforested slopes may be destabilised more fi^equently, these tend to be 

small, shallow failures. This may explain the low number of fatal landslide events 

associated with deforested slopes recorded within the landslide database. Alternatively, a 

far more likely explanation is that deforestation (and road construction) are causative or 

predisposing factors that increase the susceptibility of slopes to failure rather than actually 

triggering movement. As a result, their role is unlikely to be evident within the database. 

A number of studies have been undertaken examining the impact of agricultural practices 

on landslide occurrence. Examples include the work of Gerrard and Gardner (1999, 2000a, 

2000b and 2002) who analysed the nature, cause and incidence of landsliding on steeply 
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farmed slopes in the Middle Mountains of Nepal. They concluded that while landslides do 

occur on rain-fed and irrigated terraces they tend to be small, easily repaired local 

slippages. While large mass movement events do occur, they are rarely generated under 

normal monsoon conditions and are largely unrelated to farming activities, although there 

are exceptions where failures occurr on abandoned agricultural terraces (Gerrard and 

Gardner, 2002). 

While it is commonly assumed that landsliding is the direct consequence of human land-use 

and land-cover changes over recent decades (Ives, 2004), the fmdings presented above 

suggest otherwise and may explain the absence of such events within the landslide 

database. However, as previously noted, the majority of landslide events recorded within 

the database were associated with a physical trigger, making it difficult to empirically 

assess the impact of human activity and to preclude any quantification of its influence. 

4.2.6 Summary 

Mitchell (1999) examined megacities and natural disasters and noted that at "the global 

scale, large natural disasters are popularly associated with rural populations and poor 

countries " (pp.137). Mitchell (1999) went on to challenge this assumption and argued that 

cities and more specifically megacities were becoming the major arenas for natural 

disasters, a view that has dominated current thinking since the International Decade of 

Natural Disaster Reduction. However, the findings fi-om this study suggest that globally, 

fatal landslide events predominantly occur in middle income countries and within rural 

areas. Along with the work of Cross (2001), who examined hazard vulnerability in 
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megacities and small towns, these findings challenge the assumption that urban areas and in 

particular megacities are uniquely and excessively vulnerable to fatal landslide events. 

As hypothesised, the number of recorded deaths was lowest in high income countries. To a 

degree this may be locationally driven (Alcantara-Ayala, 2002) with high income countries 

being largely located outside the monsoon, typhoon and earthquake zones. High income 

countries are also seen to have the financial capabilities and expertise to mitigate against 

landslide disasters. Hence, while more events were recorded for high, rather than upper 

middle income countries, the impact in terms of fatalities was lower. Despite these 

findings, the overall occurrence of landslide fatalities did not correlate with levels of 

economic development, with the highest numbers of fatalities occurring within middle 

rather than low income countries. 

Issues and patterns of vulnerability are undoubtedly very different between urban and rural 

areas. However, it would seem that rural communities are more vulnerable to landslide 

events than urban populations despite lower population densities, reflecting the larger 

spatial extent of rural areas. In terms of the impact of landslide events, the highest numbers 

of fatalities were associated with urban landslides, a finding that can be attributed to the 

high number of people and activities concentrated in a defined and limited space 

(Anderson, 1992). 

An attempt was also made to assess the impact of severe land degradation on the 

occurrence of fatal landslide events. The above commentary suggests that despite 

anecdotal evidence to the contrary, few fatal landslide events were associated with 
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deforestation, road construction and agricultural land-use change. However, while the 

impact of human land-use change may be overplayed, it is not possible to preclude its 

influence as little is known about the site specific pre-landslide activities giving rise to 

slope failure. 
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4.3 ANALYSING T H E SPATIAL DISTRIBUTION OF FATAL LANDSLIDE 

EVENTS: THE PHYSICAL PERSPECTIVE 

4.3.1 Introduction 

Extensive research has been undertaken examining the relationship between landslide 

occurrence and geo-environmental factors including geomorphology, lithology, climate and 

land cover (Vames, 1978; Caine and Mool, 1982; Cruden, 1993; Bookhagen et al, 2001; 

Zhou et al, 2002; Gerrard, 2000, 2002; Gabet, 2004). A range of physical triggers of 

landslide activity have subsequently been identified including intense, prolonged rainfall, 

snowmelt, seismic shaking, volcanic eruption, stream erosion and natural dam failure 

(Schuster and Wieczorek, 2002). 

A fundamental way of analysing the relationship between landslides and their causative 

factors is to examine the distribution of landslide events in relation to a range of physical 

factors (Carrara et al, 2002). A series of datasets including mean armual global 

precipitation and global relative relief have been gathered and the relationship between the 

distribution of fatal landslide events and the above variables analysed using ArcGIS. 

4.3.2 Data Sources 

Mean annual precipitation 

Rainfall is reported to be the most frequent landslide generating mechanism (Alexander, 

2005; Beim, 2005) and this is confirmed by the database. However, the key question is 

whether the landslide triggering factor is rainfall amount or rainfall intensity. The landslide 

/ ' ^ 
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database highlights the importance of high intensity precipitation often associated with the 

armual monsoon and tropical cyclone events, suggesting rainfall intensity to be the key 

parameter. This builds upon the findings of Dhakal and Sidle (2004) who investigated the 

impact of different rainfall conditions on slope stability. They observed that the combined 

influence of mean and maximum hourly intensity, duration, and total rainfall amount of 

rainstorms were important in generating landslides. However, while a number of localised 

studies also highlight the importance of rainfall mtensity (Zhou et al, 2002), others suggest 

rainfall duration to be the most important triggering factor (Hardenbicker et al, 2001) along 

with the antecedent conditions (Jakob and Weatherly, 2003). The impact of rainfall will 

depend upon a number of landslide conditioning factors including lithology and geological 

structure, slope angle and slope morphology, land use, the presence of old landslides, and 

human activity (Zezere et al, 1999). This makes the relationships between landsliding and 

rainfall amounts/intensity highly complex (Garrard and Gardner, 2000). 

While a number of localised, small scale studies have examined the impact of rainfall 

intensity on landslide occurrence (Ng and Shi, 1998; Luino, 2005), such data sets are not 

available at the global scale. The distribution of events has therefore been analysed in 

relation to global precipitation patterns. These data were provided by Duncan {pers comm) 

and sourced fi-om Willmott and Matsura of the Centre for Climatic Research, University of 

Delaware. The raw (rain gauge-measured) monthly precipitation data were sourced from 

Global Historical Climatology Network version 2 (based upon readings from 20,599 

stations) and Legates and Willmott (1998) (based upon readings from 26,858 stations), 

providing coverage from 1950 to 1999. Willmott and Matsura performed a climatically-
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aided interpolation to put the data onto a 0.5° grid (~50 km at the equator). The data used 

here were the mean annual values, provided in the form of an ArcGIS raster grid. 

The limitations of using mean annual rainfall totals rather than a rainfall intensity dataset 

are recognised, however this analysis does develop our understanding of the relationship 

between landslide occurrence and the rainfall variable on a global scale. 

Global relative relief 

It has long been acknowledged that relief is more important than altitude in influencing the 

occurrence of erosional events such as landslides (Ahnert, 1970; Hewitt, 1972; Schumm, 

1977; Phillips, 1990). With this in mind the distribution of fatal landslide events has been 

analysed in relation to global relative relief. These data were provided by Duncan (pers 

comm.) and sourced fi-om SRTM30 which is a digital elevation dataset generated by NASA 

and the National Imagery Mapping Agency as part of the Shuttle Radar Topography 

Mission. SRTM30 updates earlier global digital elevation models including GT0P05 and 

GTOPO30 providing high resolution, global coverage at 30 arc-seconds (~1 km at the 

equator) (SRTM30 Data Information, 2005). A relief grid was created fi-om this dataset by 

Duncan based upon a simple maximum elevation difference between each cell and its eight 

neighbours. These relief values were then averaged over 5 x 5 cell blocks to obtain the 

mean kilometre-scale relief at 2.5 km resolution. An ArcGIS raster map of relative relief 

was subsequently generated. 
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Combined relative relief and precipitation (an erosion index) 

As before, these data were provided by Duncan (pers comm) in the form of an ArcGIS 

raster map. Values fi-om the mean annual precipitation and relative relief grids were 

multiplied together on a cell-by-cell basis at the 2.5 km resolution using ArcView Spatial 

Analyst (software designed to create, query, map and analyse cell-based raster data), 

creating an erosion index (Duncan, pers comm.). It is important to note that the 

precipitation and relative relief datasets were at very different resolutions (~50 km and -1.5 

km respectively); therefore, within each 0.5° grid cell all calculated relief values were 

associated with the same mean annual precipitation totals. 

Al l datasets were available in the standard global coordinate system of latitude and 

longitude on the WGS84 datum. 

4.3.3 Data analysis 

Figures 4.12, 4.14 and 4.16 illustrate the spatial relationship between fatal landslide 

occurrence, mean annual precipitation, relative relief and a global erosion index. In 

addition, to enable more rigorous analysis to be undertaken, detailed regional maps were 

also generated using ArcGIS. These focused on Asia where the majority of fatal landslide 

events were recorded (figures 4.13,4.15 and 4.17). 

Figure 4.12 illustrates the spatial distribution of fatal landslide events in relation to mean 

annual precipitation. The majority of fatal landslides occurred in areas characterised by 

high annual precipitation including South East Asia, the Himalaya and Central 
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America. These findings suggest a strong positive correlation between high armual rainfall 

and fatal landslide activity. Focusing specifically upon Asia (figure 4.13), landslides 

clustered in areas receiving high atmual rainfall totals in western and northern India, Nepal 

and Bhutan (areas affected by the South Asian monsoon), Southern China (affected by the 

East-Asian monsoon), Malaysia and Indonesia (countries affected by seasonal rainfall), the 

Philippines, Taiwan and Japan (affected by the Northwest Pacific Tropical cyclone season). 

Outside Asia, fatal landslides were also seen to occur in areas receiving exceptionally low 

aimual rainfall totals, for example the USA, Middle East, Kyrgyzstan, Pakistan and 

central/northern China. These events may also have been triggered by rainfall, as the 

threshold for rainfall induced failure depends upon a number of factors including geology, 

porosity and slope angle (Burbank and Anderson, 2001). Alternatively, the observed 

spatial distribution of fatal landslide events may be explained by other landslide triggering 

mechanisms, for example seismic shaking. 

Figures 4.14 and 4.15 illustrate the spatial distribution of fatal landslide events in relation to 

mean relative relief. Landslides occurred in areas characterised by high relative relief for 

example, western Canada and western USA (areas associated with the Pacific Mountain 

system and the Rocky mountains), the Andes mountain chain along the western coast of 

South America, the Alps in central Europe, the Himalaya and the moderate mountain 

ranges of southern China. Focusing specifically upon Asia, the landslides cluster fi-om 

Kyrgyzstan along the Himalayan arc through India, Pakistan, Nepal, Bhutan to southwest 

China and Taiwan. As noted by Brunsden and Allison (1986) high mountain environments 

are often associated with violent, high magnitude processes due to their scale. 
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steepness of slope and unstable material often resulting from rapid tectonic uplift and 

fluvial and glacial incision (Barnard et al, 2001). Mass movements are seen to occur 

regularly in areas of high relative relief forming part of the landscape development process 

(Scheidegger and Ajakaive, 1994). Some fatal mass movement events also occurred in 

areas characterised by low relative relief However, while the relief may be relatively low, 

little is known about the slope morphometry and in particular, the slope angle 

characteristics or the geology/lithology of the landslide sites, factors often cited as the 

predominant controls on slope failure (Shroder and Bishop, 2004). 

Figures 4.16 and 4.17 examine the relationship between both the precipitation and relative 

relief variables in the form of an erosion index and fatal landslide occurrence. The 

observed pattern was as expected; areas of high relative relief were largely associated with 

high annual rainfall totals, a result of the interplay between topography and atmospheric 

circulation (Barry, 1992; Bookhagen et al, 2005; Kansakar et al, 2004). Landslide fatalities 

were largely concentrated in these areas (for example, along the Himalayan arc, the central 

mountain ranges of Taiwan, Barisan Mountains along western Sumatra, on the volcanic 

island of Java and the mountainous islands of the Philippine archipelago) findings that 

appear consistent with the accepted understanding that spatial variations in precipitation 

and slopes correlate with erosion rates (Burbank et al, 2003). However, a few fatal mass 

movement events were also seen to occur in areas characterised by low relative relief and 

low annual precipitation totals for example, central India. These events may have been 

triggered by an alternative mechanism, such as anthropogenic activity, seismic shaking 

and/or the failure may have occurred on a relatively steep slope in an area characterised by 

low relief, highlighting the potential significance of localised topographic variations 
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With this in mind, analysing the distribution of fatal landslide events in relation to slope 

morphology would perhaps be more suitable than relative relief, as slope angle is one of the 

dominant predisposing factors influencing the occurrence of mass movement events 

(Moreiras, 2005; Montgomery and Brandon, 2002). 

4.3.4 Denudation as an indicator of landslide activity 

As previously noted, values from the mean annual precipitation and relative relief grids 

have been multiplied on a cell-by-cell basis to create a global erosion index (Duncan, pers 

comm.). Areas characterised by high relative relief and high annual precipitation inputs 

were classified as areas highly susceptible to erosion. These areas were seen to correlate 

with the occurrence of fatal landslide events. This is unsurprising given landsliding is a 

form of mass wasting and as such contributes significantly to the removal of material, often 

dominating the erosional processes in active mountain belts (Hovius et al, 2004). 

Denudation refers to all weathering and erosional processes that result in the removal of 

material and the subsequent reduction in the elevation and relief of the land surface (Selby, 

1982, Summerfield, 1994; Caine, 2004). Based upon the above findings, factors 

influencing denudation rates in active orgogens may provide an explanation for the global 

spatial distribution of fatal landslide events. This has been explored ftirther using Taiwan 

as a case study, where extensive research on denudation has been undertaken including the 

work of Milliman and Syvitski (1992) and Hovius et al (2000). They report some of the 

highest denudation rates in the world for the Central range in Taiwan and identify 

landsliding as a significant process (Caine, 2004). Dadson et al (2003) examined links 

between erosion, runoff variability and seismicity in the Taiwan orogen. While the 
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common assumption is that erosion rates are governed by relief or topography (Milliman 

and Syvitski, 1992), mean precipitation (Ohmori, 1983) or both (Phillips, 1990; 

Summerfield and Hulton, 1994; Montgomery et al, 2001 and Finlayson et al, 2002), this 

hypothesis does not appear to fit the modem day erosion patterns observed in Taiwan 

(Dadson et al, 2004). Instead, erosion rates on a decadal time scale were observed to be 

strongly influenced by large earthquakes and typhoon events. These findings are 

particularly relevant to this study given the time scale and have been further explored. 

Earthquakes as small as magnitude 4.0 can trigger landslides on susceptible slopes, while 

larger earthquakes have been seen to generate thousands of landslides over vast areas, 

producing billions of cubic meters of loose sediment (Rodriguez et al, 1999). hi Taiwan, 

Dadson et al (2003) observed a strong correlation between erosion rate and cumulative 

seismic moment release, suggesting seismic sediment production to be an important control 

on erosion rates. For example, the 1999 magnitude 7.7 Chi-chi earthquake triggered 

>20,000 mass movement events across Taiwan (Dadson et al, 2003). 

Dadson et al (2003) observed a significant correlation between erosion rates and 

typhoon/storm activity. They concluded that storm runoff was a fu-st order control on 

erosion rates in Taiwan with the events triggering primary landslides and debris flows 

flushmg sediment from the mountain belt. These findings reaffirm those of Hovius et al 

(2000; 2004) who undertook research in the Central Range to investigate the supply and 

removal of sediment in a landslide dominated mountain belt. Research suggests that the 

majority of sediment leaving the mountain belt was generated by climate triggered mass 
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wasting with peaks in water discharge being closely followed by peaks in sediment load 

transport. 

Recent stream gauging records from major rivers in Taiwan have been analysed. The 

results imply sediment yields from the Taiwan orogen have doubled since the 1999 Chi-Chi 

earthquake (Hovius et al, 2004). However, in the first 12 months following the earthquake, 

erosion rates were lower than average and rates of denudation have only since risen 

following the remobilisation of landslide debris during subsequent typhoon events (Lin, 

2005,pers comm.). 

Based upon the above findings, the distribution of fatal landslide events has been analysed 

in relation to the occurrence of earthquakes and high intensity precipitation events, with a 

view to determining if the model proposed by Dadson et al (2003) for Taiwan could 

explain the spatial patterns and controls governing the global occurrence of fatal landslide 

events. 

4.3.5 Analysing the spatial distribution of fatal landslide events in relation to tectonic 

boundaries and global seismic hazard 

It is a common observation that landslide occurrence increases with proximity to tectonic 

structures (Saha et al, 2005). With this in mind the spatial distribution of fatal landslide 

events were analysed in relation to the position of the tectonic plate boundaries (figure 

4.18). The plate boundary data was sourced from the National Geophysical Data Centre 
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and downloaded as a layer from the N G D C interactive ArcIMS natural hazard map 

(NGDC, 2003). 

The locations of fatal landslides are seen to correlate with the outline of converging plate 

boundaries (figure 4.18). For example, there is a dense clustering of fatal landslides along 

the Himalayan Arc following the converging boundary between the Eurasian plate and the 

Austral-Indian plate. This clustering continues through the Indonesian archipelago, the 

Philippine islands and Japan. A chain of fatal mass movement events also occurred 

through Central America following the converging boundary between the Cocos plate and 

the Caribbean and North American plates. However, there was a less obvious pattern in 

South America along the converging boundary between the South American plate and the 

Nazca plate. 

The initial and most obvious explanation for the observed spatial pattern is seismic activity 

and in order to explore this relationship further, the spatial distribution of fatal landslide 

events has been analysed in relation to global seismic hazard. Figure 4.19 maps the 

calculated peak ground acceleration (PGA) that a site can expect during the next 50 years 

with a 10% probability (Giardini et al, 1999). As expected there appears to be a strong 

correlation, with landslides predominantly clustered in zones of 'very high' seismic hazard 

(areas with an estimated PGA of >4.0 m/s^ including the Himalayan Arc, the Andes in 

South America, central China, Taiwan and the Indonesian island of Sumatra. However, 

only 17 landslides and 2 multiple mass movement events recorded within the landslide 

database were triggered by earthquake events. The magnitudes of the earthquakes varied 

from M 4.9 to M 7.6; and the scale of impact varied from one fatality from an earthquake 
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Figure 4.19 A map of global seismic hazard (Giardini et al, 1999). 

triggered landslide in Indonesia, to 1109 deaths that resulted from earthquake triggered 

debris and mudflows in Venezuela. In total, earthquake triggered landslides resulted in 

2,130 deaths, accounting for only 4% of the recorded fatalities within the landslide 

inventory. Unlike the findings o f Dadson et al (2004) in Taiwan, the global landslide 

fatality data suggests that the distribution of mass movement events along converging plate 

boundaries is associated more with relief and orogenesis than earthquake activity. 

These findings were unexpected given earthquakes as small as magnitude 4.0 have been 

known to trigger landslides on susceptible slopes (Rodriguez et al, 1999). The alternative 

view is that while an earthquake may not trigger slope failure, the seismic shaking 

associated with the event w i l l reduce the shear strength o f the slope material increasmg the 
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susceptibility of the slope to subsequent failure (Wieczorek, 1997). The occurrence of 

heavy rainfall following the earthquake event may therefore be enough to initiate failure, as 

the point of critical displacement is reached. Seismic shaking can perhaps be viewed more 

as a precursory trigger rather than a direct trigger of slope failure. 
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4.4 T E M P O R A L A N A L Y S I S 

4.4.1 Introduction 

87% of the landslide events recorded within the database were triggered by high intensity 

or prolonged precipitation that was often associated with large scale weather systems 

including tropical cyclones and the annual monsoon. These rainfall induced landslides 

caused 94% of the recorded fatalities. It should be noted that the figures cited are likely to 

be an underestimation, with the trigger for many early entries within the landslide database 

being unknown. 

An attempt has been made to use detailed annual weather reports (including the National 

Oceanic and Atmospheric Administration and the National Climatic Data Centre Annual 

Reports of Global Climate) to complete the database. These reports provide a record of 

significant global climatic anomalies; for example, the occurrence of fropical cyclones that 

triggered flooding and other associated hazards; a detailed record of the annual El Niiio 

conditions and a summary of irregularities in the pattern of global precipitation. While the 

reports have proved a useful information source, they are only available from 1998. Data 

and information held within the landslide database between 1994 and 1997 provides a far 

less comprehensive picture of global landslide occurrence. With this in mind the following 

analyses have been undertaken: 

1. Examining the annual variations in fatal landslide occurrence 

This analysis focused on 2003 and 2004 data which provides the most 

comprehensive and complete record of fatal landslide occurrence on a global 

scale. 
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2. Examining the long term temporal trends (analysing the 11 year subset) 

For the purposes o f this analysis the dataset has been clipped to exclude events 

resulting in <10 fatalities and > 1,500 fatalities. 

4.4.2 Examining the annual variations in fatal landslide occurrence 

Petley et al (2005) analysed the temporal occurrence of fatal landslides in 2003. They 

noted a bimodal distribution in the occurrence o f fatal landslide events, with a 

concentration of events in May, June and July, followed by a second peak in November and 

December. The ILC database has since been updated and figure 4.20 shows the revised 

summary statistics where the same bimodal distribution can be seen. 
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Figure 4.20 The temporal occurrence of landslide fatalities in 2003 based upon the 

landslide database. 
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Spatially, the majority of landslide fatalities occurred in Asia (figure 4.21), accounting for 

82%) of recorded deaths. 57% of these fatalities occurred during the northern hemisphere 

summer months of May, June and July and 23%) during the southern hemisphere summer 

months of November and December. Petley et al (2005) attributed this pattern to the large 

scale weather systems that dominate the region including the South and East Asian annual 

monsoons and the North West Pacific Tropical Cyclone Season that affects South-East 

Asia. 
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Figure 4.21 The geographical distribution o f landslide fatalities in 2003 based upon the 

landslide database. 

Analysing the sub-regional breakdown of Asia, the South Asian area which is dominated 

by the Indian subcontinent experienced the majority of fatalities in 2003, accounting for 

35%) o f the total recorded (figure 4.22). 89%) of the fatalities in South Asia occurred during 
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May, June and July. These high fataUty totals correlate with the high precipitation 

associated with the South Asian monsoon which in 2003 was 102% of the normal total 

(NOAA/NCDC, 2004). During the northern hemisphere winter, landslide fatalities were 

concentrated in the South East Asian region accounting for 25% of the total fatalities 

recorded for 2003. This period correlates with the occurrence of the North West Pacific 

tropical cyclone season where rainfall peaks during the month of December. 
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Figure 4.22 The geographical distribution o f landslide fatalities in Asia in 2003 based upon 

the landslide database. 

The magnitude-frequency relationship for 2003 has been plotted (figure 4.23), excluding 

multiple events where the total number o f landslides and the total number of fatalities per 

event was unknown. The magnitude-frequency plot suggests 2003 was dominated by high 

frequency, low magnitude events, where 88% of recorded landslides caused < 20 fatalities. 

Analysing the fatality totals of the multiple mass movement events excluded from this 
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analysis, the highest magnitude event in terms of fatalities occurred in Sri Lanka in May 

killing -266 people. The absence of higher magnitude events observed in other years 

suggests that the 2003 death toll from landslide events was probably lower than average. 
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Figure 4.23 Magnitude-frequency plot for the number o f deaths per landslide event in 

2003. The graph excludes multiple landslide events where the number of fatalities per 

event was unknown. 

The temporal occurrence o f fatal landslide events in 2004 has also been analysed (figure 

4.24). Unlike 2003, the majority of landslide fatalities occurred during September (47%) 

when mudslide events in Haiti killed -3,000 people. Other significant months included 

May (again dominated by mudslides in Haiti which resulted in -1,500 fatalities) and 

November, however the number of fatalities recorded for the months of June and July was 

far lower (-486 more deaths were recorded during this eight week period in 2003). 
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Figure 4.25 shows the temporal occurrence of landslide fatalities in 2003 and 2004. The 

2004 dataset has been clipped to exclude the two high magnitude events in Haiti which 
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Figure 4.24 The temporal occurrence of landslide fatalities in 2004 based upon the 

landslide database. 

resulted in > 1,500 fatalities and previously skewed the dataset. In 2004 43% of fatalities 

occurred in November following typhoon activity in South East Asia. Typhoon Muifa, 

Violetta, Wirmie and Yoyong triggered extensive landsliding causing -1063 fatalities 

predominantly in the Philippines, Indonesia and Vietnam. In 2003 5 1 % of fatalities 

occurred during the summer monsoon months of May, June and July, while in 2004 only 

17% of events occurred during this period. This may be attributed to the above normal 

strength of the Asian monsoon in 2003 and the below normal (87%) strength in 2004, with 

some areas in northwest India receiving 22% less precipitation than the mean annual 

recorded total (NOAA/NCDC, 2004). These findings are explored further in figure 4.26. 
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Figure 4.25 The temporal occurrence of landslide fatalities in 2003 (A) and 2004 (B) 

(author's dataset). 

Unlike 2003, the majority o f landslide fatalities in 2004 occurred in the Americas. Haiti on 

the Caribbean island of Dominica experienced high magnitude multiple mass movement 

events in May and September resulting in -4,500 fatalities. These events have heavily 

skewed the geographical distribution of landslide fatalities towards this region (figure 

4.26). With this in mind figure 4.27 analyses the geographical distribufion of the clipped 

dataset. The relatively low number of recorded fatalities in May, June and July in South 

and East Asia may well reflect the weaker monsoon of 2004. By comparison the North 

West Pacific Tropical Cyclone Season that affects South-East Asia was particularly strong 

in 2004 triggering a number of events during the southern hemisphere summer months 

principally in November. 
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Figure 4.26 The geographical distribufion of landslide fatalities in 2004 based upon the 

landslide database. 
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Figure 4.27 The geographical distribufion of landslide fatalities in Asia in 2004 based upon 

the landslide database. 
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The magnitude-frequency relationship for 2004 excluding multiple events where the total 

number o f landslides triggered and the total number of fatalities per event was unknown is 

plotted in figure 4.28. As observed in 2003, the majority of landslides occurring in 2004 

were high frequency, low magnitude events characterised by < 20 fatalities, following the 

classic magnitude-frequency for natural hazards. As previously noted, unlike 2003, 2004 

experienced two high magnitude events that accounted for 64% of the fatalities recorded. 

However, due to the weak Asian monsoon in 2004 (NOAA/NCDC, 2005), the recorded 

death toll is again likely to have been lower than average. 
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Figure 4.28 Magnitude-frequency plot for the number of deaths per landslide event in 

2004. The graph excludes multiple landslide events where the number of fatalifies per 

event was unknown. 
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4.4.3 Examining the influence of the Asian monsoon system on fatal landslide 

occurrence 

The term monsoon refers to a seasonal change in wind direction which generates cool, dry 

winters and warm wet summers driven by continental high and low pressure cells which 

grow and decay over the Asian landmass (Wang et al, 2005) The Asian monsoon system 

is composed of two subsystems, the Indian (South Asian) monsoon and the East Asian 

monsoon (figure 4.29). 

Winter monsoon Between December and 

February a large, shallow high pressure 

system develops over continental Siberia, 

producing a clockwise circulation of air that 

flows out over the Indian Ocean and South 

China Sea. These anticyclonic conditions 

cause air to subside with the movement of 

dry northeasterly winds from the inland 

plateau. 

Summer monsoon The wind regime 

reverses as a warm air mass develops above 

the Asian continent. A shallow thermal low 

subsequently develops over the continental 

interior. Moisture bearing winds from the 

ocean converge with a drier westerly flow 

causmg the air mass to rise. The air is 

cooled to saturation point generating high 

intensity precipitation events between June 

and September. 

Figure 4.29 The South and East Asian monsoon systems (Ritter, 2005; Ahems, 2000). 
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The following analysis focuses upon the South Asian monsoon system. 

During the summer months the South Asian monsoonal front migrates in a north westerly 

direction (figure 4.30) 

Figure 4.30 The progress of South Asian monsoon rainfall over India (Stephenson et al, 

2005). The map shows typical dates of onset as the monsoon rainfall treks north, with the 

red line indicating the northern limit of monsoon. The blue shading identifies the area 

affected by the monsoon in hidia. 

It was therefore hypothesised that fatal landslide occurrence would correlate with the 

tracking of the monsoon. Landslides would start to occur in late May on the island of Sri 

Lanka and in the southern Indian states of Kerala and Tamil Nadu, throughout June for the 

majority of the Indian subcontinent including India, Nepal, Bhutan and Bangladesh and 
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during the month of July for the north-western Indian states of Rajasthan and Punjab. 

Figures 4.31 and 4.32 map the climatically triggered fatal landslide events recorded in 2003 

and 2004. The landslides are colour coded based upon their month of occurrence. 

In 2003 fatal landslide events were recorded in May on the island of Sri Lanka (including 

one multiple mass movement event which resulted in -266 fatalities) and during June and 

July in India. These events correlate with the progression of the monsoonal front. The 

fatal landslide events are predominantly clustered in Nepal and throughout the northern 

Indian states of Uttaranchal, Himachal Pradesh and Jammu and Kashmir. These events 

occurred during July and August, later than expected considering the monsoonal front 

reaches this region in late June. This may be explained in terms of a lag between the 

occurrence of monsoon rainfall and the triggering of mass movement events depending 

upon the prevailing antecedent conditions prior to the onset of the monsoon rains (Gerrard 

and Gardner, 2000). In addition, Caine and Mool (1982) suggested that a high water table 

was a primary controlling factor influencing the occurrence of landslide events. These 

theories offer explanations as to why early heavy rainfalls associated with the seasonal 

monsoon may not trigger any landslide events and why many landslides occur late in the 

monsoon season. 

In comparison, 2004 was associated with a monsoon deficit in the South Asian region 

(NOAA/NCDC, 2004). As the monsoon tracked north through India in June, relatively 

few landslides were triggered, suggesting the monsoon intensity was weak or the onset was 

delayed. However, mean rainfall data published by the India Meteorological Department 
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shows the weekly rainfall totals for June to be above normal, followed by a deficit 

throughout July and September (Stephenson et al, 2005). As previously noted this may be 

explained in terms of a lag time between monsoon and landslide activation and hence a 

number of events occurred in central and southern India, in the north-western states of 

Rajasthan and Punjab and Nepal during August which was characterised by above normal 

monsoon rainfall. It should also be noted that there is significant spatial variation in the 

occurrence and intensity of summer monsoonal rainfall, for example in the Himalaya 

(Bookhagen et al, 2001; Burbank et al, 2003). This may explain the observed spatial 

variations in landslide magnitude recorded within the monsoon zone. 

Inter annual variations in the strength and intensity of the monsoon have been observed 

(Lang and Barros, 2002; Gadgil, 2003; Stephenson et al, 2005) (figure 4.33). 2003 was 

associated with above average monsoonal rainfall for the majority of the subcontinent at 

102% of normal (NOAA/NCDC, 2004) while in 2004 India received below average 

rainfall, with areas in the north east receiving just 50-70% of average monsoon rainfall. 

Some areas to the west of the subcontinent, the north (adjacent to Nepal) and to the east of 

Bangladesh received above average rainfall, while the remainder of India was characterised 

by between 70 and 100%) of the normal total (Stephenson et al, 2005). 
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Figure 4.33 Cumulative monsoon rainfall as a percentage of the seasonal normal for the 

Indian subcontinent in 2003 and 2004 (Stephenson et al, 2005). The charts are based on 

cumulative rainfall data collected from 1 June to 30 September by the India Meteorological 

Department. 

Figure 4.34 illustrates the number of rainfall-induced landslide fatalities recorded for the 

Himalayan countries of Pakistan, India, China, Bhutan and Nepal between 1994 and 2004. 

The pronounced increase in the number of recorded fatalities between 2000 and 2002 is 

explained by the better reporting of events in recent years. However, as this increase is 

followed by a decrease in the number of recorded fatalities between 2002 and 2004, the 

pattern of fatalities may also represent the abnormally strong monsoon year of 2003. 

Bookhagan et al (2005) examined the impact of abnormal monsoon years and their control 

on erosion in the arid northwest Himalaya. 2002 was classified as an abnormal monsoon 

year (AMY) for this region with monsoonal rain migrating far into the mountams, reaching 
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regions normally shielded by orographic barriers. During AMY the steep, sparsely 

vegetated hill slopes characteristic of this arid region become highly susceptible to 

enhanced erosional processes, including debris flow events. Similar processes may also 

occur along the entire southern Himalayan mountain fi"ont (Bookhagen et al, 2005). 
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Figure 4.34 The number of rainfall-induced landslide fatalities recorded for the Himalayan 

countries of Pakistan, India, China, Bhutan and Nepal 1994-2004. 

However, while this does offer a potential explanation for the high fatality totals recorded 

in 2002, it should be noted that figure 4.34 plots the total number of fatalities recorded 

throughout each country and not just the number of fatalities recorded in the Himalayan 

region. The peak observed m 1998 (figure 4.34) can be largely attributed to two major 

catastrophic mass movements that occurred in the Indian Himalayan region that were 

triggered by high precipitation inputs associated with the annual summer monsoon (Paul et 

al, 2000). 

136 



CHAPTER 4 RESULTS AND ANAL YSIS 

4.4.3 Examining the relationship between the occurrence of E l Nino Southern 

Oscillation events and fatal landslide occurrence 

The El Nino Southern Oscillation (ENSO) is a disruption of the ocean-atmosphere 

circulation system in the Pacific Ocean, caused by changes in atmospheric pressure and 

ocean temperatures. Links have been made between ENSO and climatic anomalies 

including most notably, changes in global precipitation (Robinson and Henderson-Sellers, 

1999). The influence of ENSO events on the occurrence of landslides has been frequently 

acknowledged (Gabet and Dunne, 2002, Negecu and Mathu, 1999). Petley et al (2005) 

therefore explored the relationship between landslide fatalities and the occurrence of 

weak/strong El Nino and La Nina events. However, their findings provided no evidence to 

suggest that ENSO events influence the occurrence of fatal landslides. 

Petley et al (2005) focused on the direct relationship between El Nino events and fatal 

landslide occurrence however, the relationship may be more complex than they proposed. 

As previously noted there is a clear correlation between summer monsoon occurrence in 

Asia and fatal landslide activity (figure 4.21). Extensive research has been undertaken 

examining the relationship between El Nirio and La Nina events and their influence on 

monsoon rainfall (Charies et al, 1997; Khole, 2000; Shrestha, 2000; Slingo and Annamalai, 

2000; Kawamura et al, 2004; Gadgil et al, 2004; Pai, 2004; Gupta and Anderson, 2005; Wu 

and Chan, 2005). Focusing on the South Asian monsoon specifically, it is fi^equently 

acknowledged that anomalies in summer monsoon rainfall are linked to El Nino Southern 

Oscillation events (Verma, 1994; Kane, 1998; Khole, 2000; Gadgil et al, 2004). These 

findings suggest that during El Niiio years, the intensity of the Indian summer monsoon 
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rainfall is reduced (Pai, 2004). It would therefore be expected that the occurrence of ENSO 

events would reduce the number of fatal landslide events triggered by monsoonal rainfall. 

Figure 4.35 plots the number of fatalities resulting from rainfall-triggered landslide events 

in South Asia and these findings have been explored in relation to the occurrence of El 

Nino and La Nina events. During the 1997/98 El Nino (recognised as the most severe El 

Nino event of the century (Khole, 2000; Slingo and Annamalai, 2000)) monsoon rainfall 

totals were above normal and normal (Slingo and Annamalai, 2000) and the number of 

landslide fatalities increased dramatically. Similarly, a second but relatively weak El Nino 

event occurred in 2003, a year when the South Asian monsoon was strong (NOAA/NCDC, 

2004). 

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 

Figure 4.35 The annual trend of landslide fatalities resulting from rainfall-triggered 

landslide events in South Asia. 
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These findings suggest El Nino has little impact on monsoon intensity and subsequent 

landslide activity. Similarly, 1999 was associated with a La Nina event but below average 

seasonal (June-September) rainfall (IITM, 2005). This rainfall deficit was reflected in the 

low number of recorded fatalities in 1999 but again, there was no direct link between La 

Nina and rainfall intensity. 

Khole (2000) analysed monthly rainfall data for India between January 1996 and 

September 1998. Anomalously high precipitation totals were observed for November and 

December 1997. These findings were attributed to the anomalous warming of the Indian 

Ocean which occurred during the 1997 El Niiio event, which affected the annual cycle of 

sea surface temperatures in the North Indian Ocean and monsoonal rainfall. These high 

rainfall totals during the post-monsoon season of 1997 undoubtedly influenced the 

antecedent moisture conditions (Gerrard and Gardner, 2000), increasing the vulnerability of 

slopes and the likelihood of failure during subsequent months. This may explain the high 

landslide fatality totals recorded in 1998 in the South Asian region (figure 4.35). 

While it is clear that no correlation is evident, this could be attributed to the following: 

• While there is a strong fundamental association between El Niiio and deficient 

Indian summer monsoon rainfall, this relationship was weak between 1991 and 

1998 (Pai, 2004). 

• Recent research by Kawamura et al (2004) suggests that while El Niiio events affect 

Asian summer monsoon variability, this tends to occur during the early summer 

monsoon period but not during the remainder of the monsoon season. 

• Mechanisms triggering inter-annual variations in the intensity and onset of monsoon 
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rainfall, including links with other phenomena such as El Nino are yet to be 

completely unravelled and understood (Gadgil, 2003). 

• It is impossible to analyse the effect of El Nino on landslide fatalities when the 

fatality data used prior to 2002 is relatively incomplete. 

4.4.4 Long term trends in fatal landslide occurrence 

In order to examine longer term trends in landslide occurrence, the 1994-2004 subset was 

analysed in full . Figure 4.36 shows the magnitude-frequency distribution for this eleven 

year subset. As previously noted, the quality of the data varies considerably throughout the 

database. With this in mind the dataset has been clipped to exclude events characterised by 

<10 fatalities and > 1,500 fatalities and multiple mass movement events where the total 

number of individual events and the number of fatalities per event was unknown. 43% of 

landslide events resulted in 10-20 fatalities (figure 4.36). Moderately-sized events 

characterised by 21-40 fatalities per event furnished the highest fatality totals accounting 

for 21% of recorded fatalities, followed by events in the 81-160 fatalities per event bracket 

which accounted for 20% of recorded fatalities. The absence of high magnitude multiple 

mass movement events does distort the magnitude-frequency plot, however the fatality 

totals associated with these events suggest that the rare, very large events cause the vast 

majority of fatalities. 
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Figure 4.36 Magnitude-frequency plot for the number of deaths per landslide event 

between 1994 and 2004. The graph excludes events characterised by <10 fatalities and 

> 1,500 fatalities and multiple landslide events where the number of fatalities per event was 

unknown. 

The occurrence of climatically-triggered landslide fatalities excluding events with less than 

10 fatalities and more than 1,500 fatalities (figure 4.37) shows an exponential increase in 

the number of fatalities over time, a trend reported elsewhere (Alexander, 2005; Petiey et 

al, 2005;Brabb, 1991). 
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Figure 4.37 The trend in recorded landslide fatalities for climatically-triggered moderately-

sized events, 1994-2004 plotted with an exponential trend line. 

4.4.5 Global temperature anomaly 

Petley et al (2005) examined global landslide fatality data in relation to global temperature 

anomaly data derived from Jones and Moburg (2003) and Parker et al (2004). The 

temperature dataset provides an indication of the difference between surface temperature 

across both the continents and the oceans in any given year in comparison with the average 

global surface temperature for the period 1864 to 2004. The estimate of global temperature 

anomaly is considered to be accurate to about ±0.05°C (Jones and Moburg, 2003). Petley et 

al (2005) observed a strong positive correlation between the number of landslide fatalities 

per year and the recorded global temperature anomaly with an R̂  value of 0.7885 (figure 

4.38 B). 
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Figure 4.38 A - The trend in recorded landslide fatalities for moderately-sized climatically 

triggered events plotted with global temperature anomaly (data from Jones and Moberg, 

2003) and B - the regression between the datasets for the period 1980-2004. 

(Source: Petley et al, 2005). 

Petley et al (2005) acknowledged that the reasons for the observed relationship were 

unclear and presented a number of possible explanations for the observed trend: 

1. Variations in global temperature may cause changes in global precipitation totals 

which subsequently influence global landslide activity. However, while this 

seems the most likely explanation, the relationship between global temperature 

anomaly and global precipitation anomaly is generally considered to be weak 

(Jones and Moburg, 2003) (figure 4.39). 
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Figure 4.39 The regression between global precipitation anomaly (data from 

NOAA/NCDC, 2005) and global temperature anomaly (data from Jones and Moberg, 2003) 

for the period 1994-2004. 

2. Variations in global temperature anomaly may cause changes in precipitation 

intensity with high temperature anomalies associated with high rainfall 

intensities which are subsequently mirrored in landslide occurrence. 

3. Both datasets may be showing a response to an extemal physical stimulus, for 

example sun spot cycles (Parker et al, 2004) or a socio-economic factor, 

although the latter is believed to be less likely. 

4. The relationship between the two variables may be coincidental. 

Since the publication of these preliminary findings, the ILC database has been updated and 

now includes an estimated figure for the total number of landslide fatalities in 2004. The 
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revised landslide fatality dataset for 1994-2004 has therefore been analysed in relation to 

the global temperature anomaly dataset (figures 4.40 and 4.41). 
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Figure 4.40 The trend in recorded landslide fatalities for climatically-triggered moderately-

sized events plotted with global surface temperature anomaly (temperature data from Jones 

and Moburg, 2003). 

The R̂  value has been recalculated at 0.5403 suggesting a less significant correlation 

between the variables than previously noted. While a relationship is still evident, the 

pattern appears to change from 2002. Between 2002 and 2004 the temperature anomaly 

decreased while the number of recorded fatalities is seen to rise. The increase in the 

number of recorded fatalities may be explained by the more comprehensive landslide 

database compiled from 2002. This raises questions as to the significance of the correlation 

because the landslide database is relatively incomplete prior to 2002. Therefore, the 
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correlation observed from 2002 is likely to be more representative o f the true relationship 

between the variables than the first nine years o f the dataset. h i order to analyse this 

relationship fiirther it w i l l be necessary to collect landslide fatality data over a longer 

period, with the aim of making the datasets as complete as possible. 
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Figure 4.41 The regression between the recorded landslide fatalities for moderately-sized 

events and global surface temperature anomaly (temperature data from Jones and Moberg, 

2003) for the period 1994-2004. The value for the regression is noted on the graph. 

4.4.6 Global precipitation anomaly 

As previously noted, the most obvious explanation for the correlation observed is that 

variations in global temperature cause changes in global precipitation totals which 

subsequently influence landslide activity. The landslide fatality dataset has therefore been 
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correlated with the annual global precipitation anomaly dataset (National Oceanic and 

Atmospheric Administration, 2003). This shows the deviation from the global mean annual 

precipitation total, calculated from data collected between 1961 and 1990. 

1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 
Year 

-Total number of fatalities —•—Global precipitation anomaly 

Figure 4.42 The trend in recorded landslide fatalities for moderately-sized climatically-

triggered events plotted with the global precipitation anomaly (NOAA/NCDC, 2005). 

A strong correlation was anticipated fc)llowing the observed relationship between the 

annual monsoon variability in South Asia and fatal landslide occurrence. Figure 4.42 

graphs the recorded landslide fatality totals for moderately-sized climatically-triggered 

events and the global precipitation anomaly, while figures 4.43 shows the statistical 

regression. The value was calculated at 0.0402 suggesting there is no significant 

statistical correlation between the variables and no evidence to suggest that deviations in 

global precipitation affect the occurrence of fatal landslide events. This is surprising given 

that the dominant trigger o f the fatal landslides recorded within the database was rainfall. 
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The most likely explanation for the absence of a correlation is that the global mean annual 

rainfall figure masked regional variations in annual rainfall. For example, 2003 was 

associated with above average monsoon rainfall in South Asia, while in 2004 the 

monsoonal rainfall was significantly below normal. However, the global precipitation 

anomaly data shows the reverse, with mean annual rainfall totals below normal in 2003 and 

above in 2004. 
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Figure 4.43 The regression between the recorded landslide fatalities for moderately-sized 

events and global precipitation anomaly for the period 1994-2004 (data from 

NOAA/NCDC, 2005). 

4.4.7 Summary 

The analysis suggests that high intensity or prolonged rainfall resulting from large-scale 

weather systems including the monsoon and tropical cyclones were the dominant triggers of 

fatal landsliding on a global scale. These findings appear consistent with those of Hovius et 
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al (2000) and Dadson et al (2004). 2003 was dominated by monsoon triggered landslides 

in South Asia and fatal landslides triggered by tropical cyclones in the North West Pacific. 

In comparison, in 2004 a number o f events were triggered by typhoon activity in South 

East Asia and hurricanes in the Caribbean. 

This sub-chapter has analysed the temporal variations in landslide occurrence focusing 

specifically upon the impact o f the South Asian monsoon system. The following 

conclusions have been made: 

1. Inter-annual variations in the intensity o f the South Asian summer monsoon 

were seen to correlate with the number of landslide-induced fatalities. Strong 

monsoon years were associated with high fatality totals, while weak monsoon 

years were associated with low fatality totals. 

2. The spatial distribution and temporal occurrence o f fatal landslide events in 

South Asia can be explained by progression o f the monsoonal front and 

prevailing antecedent conditions prior to the onset o f the monsoon rains. 

3. While it is frequently acknowledged that anomalies in summer monsoon rainfall 

are linked to El Nino Southern Oscillation events, no such relationship is evident 

within the dataset. The occurrence o f El Niiio events revealed no correlation 

with fatal landslide activity. 

4. A strong positive correlation was observed between the number of landslide 

fatalities and the global temperature anomaly. However, this relationship is not 

clearly understood and further data collection is required for analysis. 

These findings raise important questions regarding the potential impact of future climate 

change on natural hazard intensity and disaster occurrence. 
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5 E V A L U A T I N G T H E L A N D S L I D E D A T A B A S E 

5.1 Introduction 

One of the outlined objectives of this research was to create a workable database that was 

as comprehensive as possible within the timefi-ame of this study. To determine how 

complete and inclusive the database is, simple statistical analyses were undertaken and 

comparisons were made with other established inventories including the CRED database 

and the work o f Alexander (2005). Finally, the availability of landslide fatality data for 

Iran, China and Taiwan was discussed with a view to identifying data gaps within the 

global landslide inventory. 

To allow comparisons to be made between the landslide database and other existing 

datasets no distinction was made between individual and multiple mass movement events. 

5.2 Evaluating the completeness of the catalogue 

When evaluating the completeness of a database one possible approach is to model the 

occurrence o f events over time using a Poisson distribution (Guzzetti, 2000). This is a 

discrete distribution which is often used as the model for a number o f events occurring over 

a specific time period (Stanton, 2005). The Poisson distribution can therefore be used to 

calculate a range o f summary statistics including the mean rate of occurrence o f fatal 

landslide events. However, this form of statistical analysis assumes that event occurrence 

is constant over the selected time period and conditions leading to slope failure may vary 

significantly over time. As a resuh Guzzetti (2000) adopted a more simplistic method to 

evaluate the completeness of the Italian landslide database. This was based upon the visual 
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inspection of cumulative curves of landslide events. This method has been adopted to 
evaluate the completeness of the global landslide database. 

Figure 5.1 graphically represents the cumulative distribution of fatal landslide events 

between 1994 and 2004. Curve 1 in figure 5.1 shows the yearly cumulafive distribution of 

landslide events resulting in one or more fatalities. There is a dramatic increase in the 

number o f events recorded from 2002 coinciding with the start of the daily compilation of 

the landslide database. 
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Figure 5.1 The cumulative distribution of fatal landslide events. 

As observed by Guzzetti (2000) when analysing the Italian landslide dataset, this change is 

also evident, but less distinct, in curves 2 and 3 which plot the number o f events that 

resulted in 3 or more fatalities and 10 or more fatalities respectively. This suggests that the 
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completeness of the catalogue varies with the intensity (indicated here by the number of 
fatalities) o f the landslide event. 

The graph indicates that for high-intensity events resulting in 100 fatalities or more, the 

landslide database is reasonably complete and comprehensive throughout, with only a slight 

overall increase in the number of high-intensity events recorded between 1994 and 2004. 

For low-intensity events (>3 fatalities) the catalogue is only reasonably complete after 

2002. While medium-intensity events (>10 fatalities) have been far more comprehensively 

recorded than the low intensity events, there was still an increase in the number o f events 

captured in the database from 2002. 

5.3 Evaluating the landslide database in relation to other established landslide 

inventories 

In addition to the cumulative distribution analysis, comparisons have also been made 

between the landslide database and other established global and national landslide 

inventories. The aim of this analysis was to determine the number of events that were not 

recorded, with a view to determining the effectiveness o f current data collection methods. 

5.3.1 The Centre for Research on the Epidemiology of Disasters E M - D A T Database 

Figure 5.2 plots the number of fatal landslide events recorded per year within the CRED 

database in comparison to the author's dataset. Between 1994 and 2004 CRED recorded 

163 fatal landslides. In comparison, the author's dataset recorded 722 events. The number 

of fatal landslide events recorded per year within the CRED database was relatively 

consistent reflecting the data collection methods adopted. The landslide database was 
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compiled as an historic archive until 2002. From this point and as previously noted, there 
was a dramatic increase in the number of recorded events, reflecting the detailed daily 
collection of landslide fatality data. 
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Figure 5.2 The number o f fatal landslide events recorded per year within the CRED 

database in comparison to the author's dataset. 

In 2003 and 2004, the landslide database recorded -457 fatal events in comparison to the 

32 recorded by CRED. This can to a certain extent be explained by the criteria used for 

inclusion as only landslides resulting in 10 or more fatalities were included in the EM-DAT 

database. However, i f all landslides associated with <10 fatalities were excluded from the 

author's dataset, the number o f events recorded for 2003 and 2004 was still substantially 

higher (-100 events) than CRED's published figure of 32. These findings are encouraging 

and suggest that current data collection methods are proving reasonably effective in terms 

of data capture. 
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Figure 5.3 compares the number o f landslide fatalities recorded per year between both 
datasets. hi total, CRED recorded 7895 fatalities while >23,000 landslide related fatalities 
were recorded in the author's dataset excluding the 30,000 fatalities associated with the 
1999 Venezuela mudslides. With the exception o f 1996, the number of landslide fatalities 
recorded per year was lower in the CRED database. During 1996, two fatal landslide 
events in China were missing from the author's dataset, while fatalities were recorded for 
Norway and Korea that were missing from the CRED database. Excluding events 
associated with <10 fatalities did account for some of the observed discrepancy in the 
fatality totals, however approximately 7500 more fatalities were recorded for 2003 and 
2004 in the author's dataset. 
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Figure 5.3 The number of landslide fatalities recorded per year within the CRED database 

in comparison to the author's dataset. The author's dataset has been clipped to exclude the 

1999 Venezuela mudslides which skewed the dataset with 30,000 fatalities. 
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5.3.2 Alexander's (2005) landslide fatality database 

Alexander's (2005) database of 'significant' landslide events was compiled over 8.75 years 

between August 1993 and May 2002. During this time 352 landslide events causing 

significant damage, casualties or fatalities were recorded along with 40,702 landslide 

related deaths. In order to make comparisons with the author's dataset, reference was made 

to the long term ILC database to extract landslide fatality data for 1993. Over the same 

time period, the author's dataset recorded -42,689 fatalities. The majority of events 

occurred in Asia (43%) followed by the Americas (36%) and as observed within the 

author's dataset, the majority o f fatalities occurred in the Americas (89%). Such 

consistency between datasets is encouraging and suggests that a relatively comprehensive 

database o f global landslide fatalities has been compiled. 

5.4 National case studies 

Landslide fatality data from three specific countries has been analysed. These include 

China, fran and Taiwan. These countries have been selected for fiirther investigation with a 

view to evaluating the completeness o f the landslide database and to identify and explain 

any observed data gaps. 

5.4.1 China 

China undertook a large number o f landslide related projects during the International 

Decade of Natural Disaster Reduction. The projects, sponsored by the United Nations, 

included a nation-wide landslide investigation, the findings from which formed part of 

China's landslide hazard reduction strategy. In a recent conference symposium, Yin and 
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Wang (2005) published a series of landslide fatality statistics which estimated that between 

800 and 1,000 people are killed annually by landslide disasters in China. 

The author's dataset recorded 86 fatal landslide events throughout China between 1994 and 

2004 with an additional 17 multiple landslide events resulting in a total o f 2,250 fatalities. 

In comparison, over the same time period, Y i n and Wang (2005) recorded >10,700 

fatalities. Using 1994-2003 data, the mean number o f fatalities per year can be calculated 

for both data sets. Based upon Yin and Wang's data, an average of 903 fatalities occurred 

each year in comparison to 205 fatalities per year based upon the landslide database. An 

annual comparison has been made between the published annual fatality statistics and the 

data recorded within the landslide database (figure 5.4). 

The following observations were made: 

• Only 2 1 % of the landslide fatalities reported by Yin and Wang (2005) between 1994 

and 2004 were recorded in the landslide database. 

• The landslide database shows a clear increase in the number of landslide fatalities 

between 1999 and 2004. This could be attributed to better reporting following the U N 

sponsored landslide project. 

• Comparatively, Yin and Wang report an overall decline in fatalities from 1998 (with the 

exception of the year 2000) to 2004. This decrease may reflect the successfiil 

implementation of China's landslide hazard reduction strategy. 

• In 2003 5 1 % of the landslides reported by Yin and Wang were recorded in the landslide 

database. This increased to 6 1 % in 2004, an increase of 17% from 1999. These figures 
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suggest that compiling the landslide database on a daily basis has enabled the capture of 
a greater number o f fatal landslide events. 
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Figure 5.4 The number of landslide related deaths recorded for China between 1994 and 

2004. 

These findings raise questions as to why the landslide database failed to capture so many 

events. Possible explanations include language difficulties and the use of different criteria 

for the recording and reporting of fatal landslide events. Landslide fatality figures may not 

be published to the outside world reflecting China's culture of secrecy. Alternatively, the 

published figures may be an exaggerafion of the real situation in China in an attempt to 

exaggerate the effectiveness of the landslide hazard reduction strategy. This is not a typical 

error as collecting landslide fatality data in China is particularly difficuU to attain, for 

example the use of characters makes textual searching all but impossible. The findings 

from this study suggest that the data and data availability are far better for most other 

countries. 
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hi terms of the spatial distribution o f recent landslide disasters in China, Wen et al (2005) 
observed that fatal landslides occurring between 2001 and 2004 were largely concentrated 
in the mountainous areas in the southwest and the hilly terrains that characterise the 
southern provinces. The provinces of Chongqing, Sichuan, Yunnan and Hunan 
experienced the greatest number o f fatal landslide events. These findings aff irm those from 
earlier studies (for example, Tianchi, 1989) and the spatial distribution pattem observed 
within this thesis (figure 4.1). 

5.4.2 Iran 

Iran was also selected as a case study for further investigation. According to the landslide 

database only four fatal landslide events were recorded in Iran between 1900 and 2004 with 

only two of these landslides associated with earthquake events. This is surprising as Iran is 

one of the most seismically active regions in the world (Ghayoumian and Shoaei, 1997). 

The Alpide Earthquake Belt extends from west Portugal eastwards along southern Europe 

towards South East Asia and the Pacific Ocean, crossing Iran. In this linear zone of 

earthquake activity, 95% o f the world's earthquakes occur (Ghayoumian and Shoaei, 1997). 

As a result earthquake activity is one of the most common landslide triggering mechanisms. 

For example, approximately 120 landslides were triggered by the 1990 magnitude 7.7 

earthquake in Manj i l (Ghayoumian and Shoaei, 1997) resulting ui 137 fatalities (author's 

dataset). A subsequent magnitude 6.4 event occurred in 2004 resulting in further 28 

landslide-induced fatalities (author's dataset). These low fatality numbers are problematic 

given the high numbers o f deaths that have been reported for earthquakes with one Iranian 

in 3,000 likely to die during an earthquake event (Bilham, 2004). 
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A possible reason for the absence of landslide fatality data for Iran is reporting. In 1997 
Ghayoumian and Shoaei published a key paper examining the spatial distribution of 
landslides and their controlling factors within Iran. They noted that very little was written 
and reported about landslides until the International Decade of Natural Disaster Reduction 
and the occurrence of the fatal 1990 Manji l earthquake. Ghayoumian and Shoaei (1997) 
recognised that thousands o f landslides have occurred in remote areas within Iran, however 
these were seldom reported and no published data was available for them. This prompted 
extensive research including the development o f a national landslide database system and a 
landslide hazard zoning project based upon guidelines outlined by UNESCO (1990). The 
outputs o f the project are starting to emerge including a landslide distribution map of the 
country and information regarding the economic impacts of landslide events (National 
Geoscience Database o f Iran, (2005). However, no fatality or casualty statistics have been 
cited. This may reflect a project in its infancy or may simply suggest that while the 
landslide frequency is high, the human impact is low. 

5.4.3 Taiwan 

According to the landslide database between 1994 and 2004, 14 fatal landslide events and 2 

multiple mass movement events occurred on the island of Taiwan. In total these events 

caused -487 fatalities. Major events included the multiple landslides triggered by Typhoon 

Toraji in July 2001 which resulted in 240 deaths and the Chu-feng Ershan rock slide 

triggered by the magnitude 7.7 Chi-Chi earthquake which killed ~90 people in September 

1999. The fatal landslides recorded within the database for Taiwan resulted in between 1 

and 240 fatalities, with the majority of events occurring in rural areas. Capturing such low 

magnitude events within the database suggests a certain level o f comprehensiveness 
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(section 6.2). However, interviews undertaken with Professor Fu-Shu Jeng, Department of 
Civil Engineering, Professor Jin-Chun Lin, Department o f Geography and Professor 
Hongey Chen, Department o f Geosciences at the National Taiwan University, revealed 
some additional fatal landslides that were not previously recorded within the landslide 
database. At least 1 fatal landslide and 4 fatal debris flows were triggered by Typhoon 
Herb in 1996 resulting in a total of 26 fatalities (Lin and Jeng, 2000). The absence o f these 
events from the database may reflect the data collection methods used to compile the 
inventory prior to 2002 (section 4.1.3). 

Natural hazards including landslides are heavily logged within Taiwan (Chen,pers comm.), 

particularly following the implementation of the national hazards mitigation programme in 

1997 (NCDR, 2005). Hazard databases do exist, for example the National Fire Agency 

which reports deaths caused by natural hazards and the National Disasters Prevention and 

Protection Commission (Jeng and Lin, pers comm.). However, these databases are in 

Chinese highlighting problems associated with language and communication. In addition, 

while Jeng (pers comm.) has access to government hazard data as an academic/engineer he 

recognises that not all hazard fatality data may be available within the public domain. The 

absence of a database in English made it impossible to analyse Taiwan's landslide 

inventory and to evaluate the completeness o f the landslide database analysed within this 

study. Many of the available journals focused on the large-scale landslide events, for 

example Ts'ao-Ling (figure 3.2) or the general impact o f an earthquake or typhoon event in 

Taiwan. As a result, these sources provided little additional information for the database. 

Overall, the findings fi-om the fieldwork undertaken in Taiwan highlighted the difficulties 

associated with obtaining landslide fatality data even in a country where natural disasters 

are heavily monitored and mitigation plans are in place. 
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5.5 Summary 

The landslide database has been analysed to asses the completeness of the global inventory. 

The findings are encouraging and suggest that the fatality database is reasonably 

comprehensive from 2002. However, the completeness o f the catalogue was seen to vary 

with the magnitude o f the landslide disasters with events associated with high fatalities 

(>100) being more comprehensively recorded than low intensity events (>3 fatalities). In 

comparison to other global landslide inventories, more events were recorded in the 

landslide database suggesting that the methods used are proving reasonably effective in 

terms o f data capture. In addition, there was consistency in the spatial patterns observed 

within this thesis and Alexander's (2005) findings suggesting a more detailed and reliable 

picture of global landslide occurrence has been generated. As anticipated there are gaps in 

the database where fatality data may be difficult to source, fatalities may go 

unreported/unrecorded, the data may be unpublished or may not be available in English. 

However, it is hoped that the compilation of national landslide inventories following the 

proposal by UNESCO (1990) w i l l provide more comprehensive information and reliable 

fatality statistics at a national scale which can be combined to develop a meaningfiil global 

database. 
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6.1 CONCLUSION 

"Connectivity between physical and social systems is a fundamental characteristic of 

natural risk" (Hufschmidt et al, 2005a: 375). 

The aim of the research presented here was to analyse the spatial patterns and controls 

governing the global occurrence of fatal landslide events. To achieve this, six hypotheses 

were generated and the landslide database was used to empirically test these statements. 

The findings summarised below show some surprising results which challenge current 

understanding of the global spatial distribution and temporal occurrence of fatal landslide 

events. 

/. The frequency offatal landslide events is increasing with time. 

It is clear from the research undertaken that landslide disasters continue to impose 

substantial human losses and fatalities worldwide. In addition, following the analysis of 

>700 fatal landslides, it can be observed that the frequency and magnitude of these fatal 

landslides has increased with time. The database shows that global landslide events follow 

a classic magnitude-frequency distribution (Alexander, 2005) (figure 4.4), dominated by 

high frequency, low magnitude events which account for 51% of the landslides recorded, 

but only 5% of the total recorded fatalities. In comparison, the rare exceptional high 

magnitude events characterised by >1001 fatalities accounted for the majority of deaths. 

In general, debris and mudflows were associated with the highest fatality totals (> 1,500 

fatalities), while rockfalls were generally associated with <10 fatalities per event. In terms 
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of spatial occurrence (figures 4.1 and 4.5), the majority of fatal landslides occurred within 

Asia (74% of landslides and 70% of the multiple mass movement events). However, the 

American region furnished the highest death toll accounting for 76% of the total fatalities. 

Asia's landslide inventory was dominated by high frequency, low magnitude events, while 

the America's experienced the reverse. 

2. The occurrence of landslide fatalities is a function of the level of development of a 

country, with lower levels of development being associated with high numbers of fatalities. 

Notwithstanding the fact that the number of recorded deaths is lowest in high income 

countries, the findings suggest that globally landslide fatalities predominantly occur in 

middle income countries. While this implies the occurrence of fatal landslides is not 

simply a function of the level of development of a country, it is necessary to consider 

whether such spatial patterns would emerge i f a longer time series was examined or i f more 

detailed information was available in areas where landslide fatality data is currently sparse. 

It could be argued that the Venezuelan mudslides have skewed the dataset, highlighting the 

vulnerability of middle income countries and/or the use of alternative development 

indicators (other than the World Bank's income classification) may yield different results. 

3. The occurrence and impact of fatal landslide events is greater in urban than in rural 

areas. 

Understanding vulnerability to landslide hazards requires more than merely quantifying 

exposure (Small and Naumann, 2001). Megacities and other large urban centres are 

susceptible to large scale events however they are not exclusively vulnerable to landslide 

disasters per se (Cross, 2001). Indeed between 1994 and 2004, 74% of the fatal landslides 
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recorded occurred within hamlets, villages and other sparsely settled areas which accounted 
for 41% of the total fatalities. 

4. Areas that have been subject to severe land degradation are more prone to the 

occurrence of fatal landslide events. 

While few of the recorded landslide events were associated with deforestation, road 

construction or land-use change, it is not possible to preclude their influence on fatal 

landslide occurrence. The findings may, to an extent, reflect sensationalised media 

reporting which focuses on and exacerbates the human mismanagement of the environment 

(Ives, 2004). However, land use change is highly site specific and can be viewed as a 

precursor rather than a trigger of landslide activity. In addition, these factors change with 

time (Hufschmidt et al, 2005a) making it difficult to assess the impact of land degradation 

on landslide activity at the global scale. Indeed at the recent International Geomorphology 

Conference, Hufschmidt et al (2005b) presented a paper on the evolution of landslide risk 

in New Zealand. The paper highlighted the importance of time and how natural processes, 

elements at risk and their vulnerability vary temporally (figure 6.1). It is therefore 

r Geo- , 

Figure 6.1 The interaction between the geosystem and the social system through time 

(Hufschmidt et al, 2005a). 

164 



CHAPTER 6 CONCLUSION AND AREAS FOR FURTHER RESEARCH 

important to understand the history of a specific geomorphic system to assess the factors 
controlling instability (Hufschmidt et al, 2005a). 

5. Fatal landslides are concentrated in areas characterised by high relative relief, high 

precipitation inputs and/or areas subject to seismic shaking. 

Primarily controlled by the geophysical environment, landslide occurrence was broadly 

influenced by relief and orogenesis along with other associated predisposing and 

preparatory factors including weathering and tectonic uplift (Glade and Crozier, 2005). 

While these factors influence slope stability, the landslide database clearly points to 

precipitation as the dominant triggering factor initiating mass movement. 94% of all 

recorded fatalities were the result of rainfall-induced landslides irrespective of area. By 

comparison earthquake activity was a relatively infrequent trigger initiating only 4% of the 

recorded slope failures and accounting for only 4% of the recorded fatalities. While this 

was unexpected given the findings of Keefer (1984), Rodriguez et al (1999), Hovius et al 

(2000) and Dadson et al (2004), it would seem that seismic shaking acts more as precursor, 

pushing a stable slope into a marginally stable state by enhancing susceptibility, but 

without causing movement directly (Lin et al, 2004; Hufschmidt et al, 2005a). 

6. Human/social factors are more significant than physical parameters in determining the 

occurrence of fatal landslides. 

There has been a clear shift in the conceptualisation of natural disasters from physical or 

natural events towards integration with human systems (Alcantara-Ayala, 2002; 

Weichselgartner, 2000). This research has highlighted the importance of the geophysical 

environment which, within the field of natural hazard research, has largely been 
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overshadowed by the focus on human vulnerability. Undoubtedly, changes in frequency, 
intensity and duration of meteorological events are the dominant factors determining the 
spatial and temporal occurrence of landslide disasters between 1994 and 2004. While a 
number of early studies suggested that the long-term frequency of natural events has 
remained more or less constant with time (Chapman, 1994; Uitto, 1998), recently published 
research has challenged this conclusion (Emanuel, 2005; Webster et al, 2005; Ashrit, 
2005). 87% of fatal landslide events were triggered by high intensity and prolonged 
rainfall associated with tropical cyclones and the seasonal monsoon. Increases in tropical 
cyclone intensity (Emanuel, 2005; Webster et al, 2005) and monsoon strength (Ashrit et al, 
2005) are therefore of particular concern. In addition, while the future impact of climate 
change is unknown, the strong correlation between landslide fatality totals and global 
temperature anomaly (figures 4.40 and 4.41) raises a number of questions, particularly as 
variations in global temperature appear to be a major factor governing the occurrence of 
landslide fatalities worldwide (Petley et al 2005). 

While socioeconomic and demographic trends can broadly explain the vulnerability of 

society to hazards and subsequently the spatial distribution of disasters, the geophysical 

environment is the overriding factor influencing the occurrence of mass movement events. 

It can therefore be concluded that human/social factors are not more significant than 

physical parameters in determining occurrence of fatal landslides, but it is the complex 

interaction and connectivity (Cutter, 1996; Hufschmidt, 2005a) between both systems 

which determines the temporal and spatial occurrence of fatal landslide events on the global 

scale. 
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6.2 Original contribution and extension to previous researcli 

The primary objective of this research was to map the global distribution of fatal landslide 

events and to challenge current assumptions regarding the spatial distribution and causative 

factors of fatal landslide events. A series of maps have been generated and detailed spatial 

and temporal analysis has been undertaken. While numerous landslide studies have been 

undertaken at the local and regional scales, little had been done to assess the spatial and 

temporal occurrence of landslides globally and despite proposals by UNESCO to generate a 

global landslide inventory, there were no evident outputs. Instead, general understanding 

was largely based upon anecdotal evidence; with essentially no reliable, quantitative data to 

justify these observations. 

Prior to undertaking this research, Alexander's (2005) study was the only comprehensive 

analysis of the spatial distribution of landslides on a global scale. However, while the key 

physical landslide triggers were identified, little was done to analyse the temporal 

variations in landslide occurrence and the focus was largely on issues of human 

vulnerability. While the landslide database is far from complete and a number of problems 

have been identified regarding data collection and locating the landslide events, progress 

has been made in terms of understanding the global landslide problem and the broad 

processes active over a number of sites that are contributing to slope failure. 

6.3 Recommendations for furtlier research 

The research undertaken is part of an on-going project to examine landslide distribution on 

a global scale. It has generated many more questions than it has answered and 

demonstrated that there is still a long way to go before a global model can be achieved to 
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explain observed trends in landslides occurrence. Based upon the research findings, the 

following areas have been identified for further research. 

The length of the dataset used within this study was only eleven years. This raises 

important questions regarding data representivity, particularly when considering recurrence 

intervals of high magnitude events and long term spatial and temporal patterns in landslide 

occurrence. The landslide database for 2003 and 2004 is thought to be a relatively 

comprehensive and complete dataset with the recording of the global occurrence of fatal 

landslide events on a daily basis. To understand the spatial distribution of landslides, it is 

essential to continue compiling this database and to identify specific countries where there 

is an incomplete landslide record. Local sources of information including interviews with 

local people, with emergency services personnel and with local / regional government 

officers would undoubtedly help to establish the true impact of each landslide in terms of 

lives lost and to establish the occurrence of fatality-inducing and non-fatal events within 

recent years. This can only be achieved through the creation of detailed and comprehensive 

national landslide inventories. 

The findings from the research have highlighted the importance of large-scale weather 

systems in influencing the occurrence of fatal landslide events. The temporal analysis thus 

far has focused largely upon the South Asian monsoon system and the impact of inter-

annual variations in the strength and intensity of the seasonal monsoon on landslide 

occurrence. However, following the publication of research suggesting that the frequency 

and intensity of tropical cyclones has increased over the last 30 years (Emanuel, 2005; 

Webster et al, 2005) further research and analysis is essential on this topic. 
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In addition, correlation between global temperature anomaly and the number of landslide 
induced fatalities is poorly understood. More research is necessary to explore the 
correlation between global temperature anomaly and precipitation intensity and to 
investigate the influence of external factors such as anthropogenic activity. As observed in 
chapter 5 the relationship between temperature anomaly and annual landslide fatality totals 
does change in 2003 and 2004 along with the quality and completeness of the database. It 
is therefore important to continue developing the landslide dataset to enable the analysis 
over a longer time period, with a view to assessing the implication of the strong association 
observed between 1994 and 2002. 

As discussed in chapter 3, a number of issues have been raised regarding the locational 

accuracy of the landslide events. This is an important issue i f the database is to provide 

meaningful results. A data sensitivity test could be undertaken whereby the spatial 

distribution of fatal landslides is analysed, using the landslide data in its highest available 

resolution. The resolution/accuracy of the locations will then be decreased, the model will 

be run and the spatial relationships re-analysed. This could be repeated, each time 

decreasing the resolution of the data, to determine the effect locational accuracy has on the 

spatial distribution of the landslide events and our understanding of the forcing factors of 

the distribution. 

This study has focused on five key physical parameters: relative relief, mean annual 

precipitation, susceptibility to erosion, global seismic hazard and population density. It 

would be of interest to analyse the relationship between landslide occurrence and other 

variables including slope angle (a fundamental predisposing factor influencing slope 

169 



CHAPTER 6 CONCLUSION AND AREAS FOR FURTHER RESEARCH 

stability) and vegetation cover (to assess the impact of large-scale deforestation). This 

would help to broaden our understanding of the spatial patterns and controls governing the 

occurrence of fatal landslides. 

While physical factors can be quantified, analysing the influence of human factors such as 

poverty, deprivation and levels of development are more complex and intangible. An 

attempt was made to analyse the relationship between levels of economic development 

(World Bank, 2005) and fatal landslide occurrence. An alternative method would be to 

adopt a deductive approach whereby comparisons are made between the number of 

recorded landslides in two countries characterised by similar physical attributes, for 

example Nepal and Bhutan. Differences in fatality totals would then be analysed in relation 

to a range of social, economic and political factors including levels of deforestation, road 

construction and levels of poverty and deprivation. These findings could subsequently be 

used to infer the levels of human influence on landslide occurrence, enabling the analysis of 

the connectivity between the physical and social systems. 

'The understanding of hazards and disaster involves two broad areas of enquiry. We are 

concerned with the actual damages, their incidence and distribution; and how to explain 

r t o ' ( H e w i t t , 1997:21). 

The increased frequency of landslide events that result in human fatalities is difficult to 

explain with respect to any one specific factor although population growth and climate 

change appear to be increasing vulnerability to such natural events (Hanson and Roberts, 

2005). This trend will probably continue meaning that research into the landslides, which 
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are one of the most destructive of geological processes (Brabb, 1993,) must be undertaken 
to allow mitigation of this fatal hazard. 
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APPENDICES 

A P P E N D I X 2 

The number of recorded landslide fatalities per country 

Region Sub-region Country No. of l/s No. of multiple No. of 
events l/s events fatalities 

Africa North IVIorocco 1 230 
Sub-Saharan Angola 3 23 

Kenya 4 26 
Cameroon 1 21 
Ethiopia 4 43 
Uganda 5 57 
Mozambique 2 93 
Nigeria 5 52 
Congo 2 1 63 
Tanzania 1 13 

South Africa South Africa 1 34 
Total 11 29 1 655 

Americas North USA 18 48 
Canada 2 3 

Caribbean Barbados 1 4 
Bermuda 2 2 
Dominican Republic 2 1 23 
Haiti 4 2 4519 
Jamaica 1 4 
Puerto Rico 1 1 
Trinidad and Tobago 1 2 

Central Costa Rica 1 9 
El Salvador 3 558 
Guatemala 3 126 
Mexico 6 1 382 
Nicaragua 1 1 1694 
Panama 1 3 

South Bolivia 2 2 221 
Brazil 11 4 517 
Colombia 17 4 1479 
Ecuador 11 196 
Guyana 1 10 
Peru 14 527 
Venezuela 1 30000 

Total 22 103 16 40328 



APPENDICES 

Appendix 2 continued 

Region Sub-region Country No. of l/s No. of multiple No. of 
events l/s events fatalities 

Asia South Afghanistan 4 537 
Bangladesh 11 2 151 
Bhutan 4 5 
India 76 11 1726 
Nepal 61 7 1201 
Pakistan 20 136 
Sri Lanka 6 1 315 
Tibet 1 16 

Central Georgia 1 1 
Kazakhstan 1 29 
Kyrgyzstan 7 1 258 
Russia 3 160 
Tajikistan 10 183 

East China 86 17 2250 
Japan 33 2 208 
Korea, Rep (North) 1 19 
Korea, Dom Rep (South) 6 31 
Taiwan 14 2 487 

South East Brunei 1 1 
Malaysia 13 100 
Indonesia 50 5 1260 
Philippines 45 6 1823 
Thailand 5 1 132 
Vietnam 15 164 

Total 24 474 55 11193 
Australasia Australia and Australia 3 29 

New Zealand Micronesia 1 1 59 
New Zealand 1 1 
Papua New Guinea 4 88 

Pacific Islands American Samoa 1 6 
Fiji 1 6 
French Polynesia 2 23 
Vanuatu 1 1 

Total 8 12 3 213 



APPENDICES 

Appendix 2 continued 

Region Sub-region Country No. of l/s No. of multiple No. of 
events l/s events fatalities 

Europe Bosnia-Hercegovenia 1 6 
Bulgaria 1 2 
Greece 1 1 
Italy 177 
Norway 5 
Portugal 1 1 34 
Romania 1 15 
Slovenia 1 1 
Spain 1 84 
Switzerland 1 16 
Turl<ey 1 60 
UK 1 1 

Total 12 21 2 402 

IMiddle East Bahrain 1 1 
Iran 1 1 109 
Saudi Arabia 1 30 
Syria 1 80 

Total 4 3 2 220 


