MAPPING LANDSLIDES: RECENT DEVELOPMENTS IN THE USE OF DIGITAL
SPATIAL INFORMATION
1

Cees J. van Westen

1 . ) ) . )
International Institute for Geo-Information Science and Earth Observation, ITC, The
Netherlands (e-mail: westen@itc.nl)

Abstract: The aim of this paper is to discuss a number of issues related to the use of spatial
information for landslide mapping over larger areas. The last few decades have shown very rapid
development of the application of digital tools such as Geographic Information Systems, Digital
Image Processing, Digital Photogrammetry and Global Positioning Systems. In landslide risk
assessment at scales of 1:10,000 or smaller, GIS has become the standard tool. Much progress
has been made in the generation of Digital Elevation Models obtained from different sources,
ranging from SRTM to LIDAR, and these are used to generate landslide inventories. Landslide
inventories can now make use of a variety of approaches, ranging from digital stereo image
interpretation to automatic classification, based either on spectral or altitude differences, or a
combination of both. Landslide inventory databases are becoming available to more countries
and several are now also available through the Internet. A comprehensive landslide inventory is a
basic requirement in order to be able to quantify both landslide hazard and risk.

INTRODUCTION

The first extensive papers on the use of spatial information in a digital context for landslide
susceptibility mapping date back to the late seventies and early eighties of the last century.
Among the pioneers in this field were Brabb and co-workers in California (Brabb et al., 1978)
and Carrara and co-workers in Italy (Carrara et al., 1977). Nowadays, practically all research on
landslide susceptibility and hazard mapping makes use of digital tools such as GIS, GPS and
Remote Sensing. These tools also have defined, to a large extent, the type of analysis that can be
carried out. It can be stated that GIS has determined, to a large degree, the current state of the art
in landslide hazard and risk assessment. This is particularly so for landslide studies that cover
larger areas. Glade and Crozier (2005) present an interesting discussion on the relation between
data availability, model complexity and predictive capacity, based on earlier work by Grayson et
al. (2002). They conclude that each type of model has an optimum data set (in terms of
resolution, accuracy, and complexity) and that an increase in the data availability will not lead to
an increase in the predictive capacity, when using models with the same complexity. In general it
can be stated that data availability decreases with increasing size of study areas and therefore, the
optimum complexity of the models used in hazard and risk analysis also decreases with scale.
Advanced 3-D slope stability models can be used at site investigation scales when a detailed
understanding of the subsurface conditions is available from boreholes, geophysical studies, and
laboratory analysis, along with on-site monitoring of water conditions and landslide movement
history. However, these types of data are typically available at too few locations to apply the
same 3-D model approaches at mapping scales of 1:5000 or smaller.

Landslide risk assessment intends to estimate the expected losses due to landslides for a
particular area and time period. These losses can be direct or indirect, and can be physical, social,
economic, or environmental in nature. Most of the published work on landslide risk assessment
is limited to the estimation of direct physical losses to buildings and infrastructure, and to
evaluations of human casualties/injuries (Alexander, 2005). When dealing with physical losses,
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(specific) risk can be quantified as the product of vulnerability, cost or number of elements at
risk, and the probability of occurrence of the event (Varnes, 1984; Fell, 1994; Leroi, 1996; Lee
and Jones, 2004; Glade et al., 2005). When we look at the total risk, the hazard is multiplied with
the expected losses for all different types of elements at risk (= vulnerability x amount), and this
is done for all hazard types (see Figure 1).

and cover (ime 0) 1 Time 0 ! Buildings
Geology I T Roads
Sal 1 and cover (ime np Earthguake data 1 Timen 1

Land use
Morphology

E RE] Essenta raciiies
Ll Hydrology (tme 0y 1 Weater detz (t=0) 1 S
. T
Weather data (t=rg Census data

T
1 Hydrology (time nj I

A

/
v ¥ ¥ ¥
Spatial modeling of * .| Landslide runout e
landslide initiation Magnitude . ] assessment evelopme

Frequency analysis

h

r Popuiation (time D)

Initiation hazard 1 Runout haz ard 1 N Bapiiation (e ry
T T _ »a i opulation (time
et = 3 i P 4 2l . Magnitude — loss
B ! T nle n ! ! (Type ni i relationships C

T P .

Hazard X Vulnerability X Amount
Specific Loss (type) / time
Risk
Z All landslide types
1] X T All landslide volumes

Z All triggering events
Total Risk Loss (type) / time T All elements at risk D

Figure 1: Schematic representation of landslide risk assessment procedures. A: Basic data sets
required, both of static, as well as dynamic type; B: Hazard modeling component; C:
Vulnerability assessment component; D: Risk assessment component.

GIS-based landslide risk assessment at a large or medium mapping scale (e.g. 1:10,000-
100,000) requires four basic data sets: (i) environmental factors, (ii) triggering factors, (iii)
historic landslide occurrences, and (iv) elements at risk (Van Westen et al., 2005). Of these, the
historic information on landslide occurrences is by far the most important, as it gives insight into
the frequency of phenomena, the types involved, and the volumes and the damage that has been
caused. Landslide inventory databases, derived from historic archives, field data collection,
interviews, and interpretation of satellite images and aerial photographs, are essential. In the
following sections, a summary is provided of the developments in digital spatial data collection
for landslide inventory mapping.

BASE DATA ACQUISITION

With respect to the collection of the basic data sets for landslide hazard and risk assessment
(indicated in the upper row of Figure 1), developments in the acquisition and processing of
digital data have been very rapid in the recent past. The basic data can be subdivided into those
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that are more or less static, and those that are dynamic and need to be updated regularly.
Examples of static data sets are related to geology, soil type, geomorphology and morphography.
The time frame for the updating of dynamic data may range from daily information, which is
required in the case of meteorological data and consequently in slope hydrology data, to months
and years for land use and population data (see Figure 2). Figure 2 also gives an indication of
the extent to which remote sensing data can be utilized to generate the various data layers (based
on Soeters and van Westen, 1996).
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Figure 2: Schematic representation of basic data sets for landslide risk assessment. Left:
indication of the main types of data, and how some are derived from others; Middle:
Indication of the ideal update frequency of these data; RS: column indicating the
usefulness of Remote Sensing for the acquisition of the data; Scale: indication of the
feasibility of collection at regional (R), medium (M) and large scale (L); Models:
Indication of the importance of the data set for heuristic models (H), statistical models
(S), probabilistic models (P) and deterministic models (D).

For a number of data layers the main emphasis in data acquisition is on field mapping,
measurement or laboratory analysis; remote sensing imagery is only of secondary importance
(Van Westen, 2004). This is the case for the geological, geomorphological, and soil data layers.
The soil depth and slope hydrology information, which are very important in physical modeling
of slope stability are also the most difficult to obtain, and remote sensing has not proven to be a
very important tool for these. On the other hand, there are data layers for which remote sensing
data can be the main source of information. This is particularly so for landslide inventories,
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Digital Elevation Models, and land-use maps. Land-use maps are made on a routine basis from
medium resolution satellite imagery such as LANDSAT, SPOT, ASTER, IRS1-D, etc. Although
change detection techniques, such as post-classification comparison, temporal-image differ-
encing, temporal-image ratioing, multifractal analysis, or Bayesian probabilistic methods, have
been widely applied in land-use applications, fairly limited work has been done on the inclusion
of multi-temporal land-use-change maps in landslide hazard studies (Mantovani et al., 1996).

Landslide inventories and databases

In order to make a reliable map that predicts the landslide hazard and risk in a certain area, it
is crucial to know as much as possible of the spatial and temporal frequency of landslides, and
therefore each landslide study should start by making a landslide inventory that is as complete as
possible in both space and time (Ibsen and Brunsden, 1996). Landslide inventories can be carried
out using a variety of techniques, such as the analysis of historical information from archives and
newspapers, interviews, and field mapping, and supported by a wide range of dating methods
such as pollen analysis, radiocarbon dating, tephra chronology, lichenometry and dendro-
chronology (Glade, 2001). However, the most applicable techniques for larger study areas make
use of remote sensing images to undertake tasks ranging from qualitative image interpretation to
change-detection based on spectral or altitude information.

Visual Interpretation of landslides

For visual interpretation of landslides, stereoscopic images with a high to very high
resolution are required (Soeters and Van Westen, 1996). Optical images with resolutions larger
than 3 meters (e.g. SPOT, LANDSAT, ASTER, IRS-1D, RESOURCESAT LISS IV Mono), as
well as SAR images (RADARSAT, ERS, JERS, ENVISAT), have proven to be useful for visual
interpretation of landslides in some individual cases (Singhroy, 2005), but not for landslide
mapping on the basis of landform analysis over large areas.

Very high resolution imagery (QuickBird, IKONOS, CARTOSAT-1, CARTOSAT-2) has
become the best option now for landslide mapping from satellite images (IGOS, 2003), and the
number of operational sensors with similar characteristics is growing year by year as more
countries are launching earth observation satellites with stereo capabilities and resolution of 3
meters or better. The high costs may still be a limitation for obtaining these very high resolution
images for particular study areas, especially for multiple dates after the occurrence of main
triggering events such as tropical storms or cyclones.

One of the most interesting recent developments is the launch of Google Earth, in which a
steadily growing part of the world is covered by very high resolution imagery from Digital
Globe, or even aerial photography, which is less than 3 years old. As an example, Figure 3 shows
several screen dumps from Google Earth for areas that have been affected by recent landslides,
such as the area near Atitlan Lake in Guatemala, which was affected by Hurricane Stan in
October 2005. The 3-D capabilities and zooming functions that are available in Google Earth,
together with the possibility of drawing polygons on the image, greatly facilitates interpreting
and mapping landslides.
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Figure 3:
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Examples of Google Earth images depicting landslides triggered by recent events. A:
Landslides triggered by Hurricane Stan in October 2005, near Lago Atitlan,
Guatemala. B: Debris flow triggered by the October 2005 earthquake in the Pakistan-
Indian border area. C: Varunavat Parvat landslide, Uttarkashi, India, which initiated in
September 2003. D: Point Fermin landslide, Los Angeles, with a long history of
movement; E. Landslide on the island of Guadeloupe, triggered by an earthquake in
November 2004. F: Large landslides in Taiwan triggered by a series of rainfall and
earthquake events.
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Another interesting development is the visual interpretation of landslide phenomena from
shaded relief images produced from LIDAR DEMs, from which the objects on the earth surface
have been removed, producing so called bare earth DEMs or Digital Surface Models (Schulz,
2004). Haugerud et al. (2003) discuss the potential of LIDAR for the mapping of geomorph-
ological features, including landslides in a forested area northwest of Seattle. The illumination
conditions of the shaded relief image can be manipulated to produce optimal images for landslide
recognition. The use of shaded relief images of LIDAR DEMs also allows a much more detailed
interpretation of the landslide mechanism when deformation features within a large landslide are
visible (Haneberg, 2004). Another major advantage of LIDAR is that landslides can be mapped
in areas that are covered by forests.

However, in practice, aerial photo interpretation still remains the most broadly used
technique for landslide mapping (Tribe and Leir, 2004; Metternicht et al., 2005). Cardinali et al.
(2002) present a clear example on the use of multi-temporal airphoto interpretation for the
generation of a landslide database that can be used in landslide hazard and risk assessment. An
analysis of the Magnitude—Frequency relationship based on landslide interpretations from multi-
temporal airphotos has been carried out by Reid and Page (2002).

Conventional landslide inventory mapping from aerial photographs traditionally used
hardcopy stereo photos under a mirror stereoscope with the interpretation drawn onto a sheet of
tracing paper. The interpretation then had to be digitized, converted from the central projection
of the photograph into an orthogonal projection, and glued and matched with the interpretation of
neighboring photos. Nowadays, digital interpretation can be accomplished with two scanned
stereo images. These images could be any two scanned hardcopy airphotos that form a stereo-
pair. However, with the current GIS and image processing software, it is also possible to
generate a stereopair out of one orthorectified image and a DEM. This is especially useful in
those cases where the original image data is only available monoscopically. Several techniques
can be used to visualize the digital stereo images, such as anaglyph, chromadepth, polarized
light, or through the use of a screen stereoscope, which is mounted on the computer screen (Van
Westen, 2004).

Automated landslide mapping

During the last decade, several methods for the automatic detection of landslides based on
their spectral or altitude characteristics have been developed. The automatic characterization of
landslide areas is based on the assessment of a number of features (Soeters and Van Westen,
1996):

e Disrupted or absent vegetation cover, anomalous with the surrounding terrain, has
been used as the main diagnostic feature for the recognition of landslides from multi-
spectral images.

e Slope characteristics, related to the overall slope changes, and the presence of slope
concavities and breaks of slope that might be recognizable from DEMs.

e Surface characteristics, such as internal deformation structures, fissures, tension
cracks, flow lobes, step-like morphology, scarps, and semi-circular features are
detectable as increased surface roughness, if the detail of the DEM is sufficiently
large.

e Surface drainage characteristics, such as disrupted drainage, ponds, seepage zones,
and exceptionally wet or dry zones might be detected using radar imagery or using
thermal imagery.
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Landslide classification using spectral information

When landslides are fresh and unvegetated, image classification of multi-spectral images
such as SPOT, LANDSAT, ASTER and IRS-1D LISS3 has proven to be applicable for landslide
mapping (Cheng et al., 2004). If the landslides are not recent, such imagery will not be
sufficient, as proven by Petley et al. (2002) and Marcelino et al. (2003). Roessner et al. (2005)
applied a range of different types of satellite images (LANDSAT-(E)TM, ASTER, and MOMS-
2P) during a study of landslide inventory mapping in an area of Kyrgyzstan that is characterized
by relatively large landslides, and concluded that these were sufficiently detectable from the
images used.

Nichol and Wong (2005) demonstrated the use of change detection methods, including
subtraction of single bands, band ratios, and post-classification comparisons using a Neural
Network Classifier and Maximum Likelihood Classifier (MLC), for landslide identification in an
area of Hong Kong. They reported an accuracy of 70% using SPOT images, while IKONOS data
allowed a much larger accuracy. As demonstrated after Hurricane Mitch, image classification of
multi-spectral images for landslide studies can be successful for identifying a large number of
unvegetated scarps that have been produced during a single triggering event (Restrepo and
Alvarez, 2006).

ASTER, which has an advanced optical sensor with 14 bands, with visible light, near
infrared (VNIR), short wave infrared (SWIR), and thermal infrared (TIR), has particularly
proven to be a useful tool in landslide inventory mapping, also because of its low costs, stereo
capabilities, and reasonable spatial resolution. However, practice has shown that the use of
optical satellite imagery for multi-temporal landslide detection after major triggering events,
especially in tropical areas, is often hampered by the persistent cloud cover in the affected area,
which makes it difficult to obtain cloud-free images for a long period of time.

Hervas et al. (2003) successfully used digital airphotos and automatic image classification to
identify landslides. Geometrically registered and radiometrically normalized sequential images
were used in a thresholding procedure to derive landslide-related change pixels, and filtering
techniques were applied to remove land-use-related changes.

Whitworth et al. (2005) have demonstrated the use of the high-resolution Airborne Thermal
Mapper (ATM) sensor with image processing for both color composites and thermal imaging.
They show that such data can provide information on the ground surface that is not visible in
conventional aerial photography, and which can be used for semi-automated landslide
identification. Airborne hyperspectral imagery from sensors like MIVIS, AVIRIS, HyMap and
AHI have been used alongside field work to identify surface mineralogy, soils, lithologies,
drainage networks, and land use. However, no results can be found in the literature concerning
these applications for landslide classification.

Image classification methods used for landslide mapping can be differentiated into pixel-
based and non-pixel-based approaches. Barlow et al. (2003) used a non-pixel-based approach for
evaluating post-event images. Martin and Franklin (2005) also used a non-pixel-based approach,
the application of object-oriented image segmentation. Shape criteria were used to identify
objects, followed by a hierarchical classification of the segmented image by the inclusion of
landslide-related information, such as geomorphometric data and NDVI..
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Landslide classification using altitude information

Digital Elevation Models (DEMs) can be derived through a large variety of techniques, such
as digitizing contours from existing topographic maps, topographic leveling, EDM (Electronic
Distance Measurement), GPS measurements, (digital) photogrammetry, image correlation,
radargrammetry, InSAR, and LIDAR. Digital photogrammetry can be used on a variety of
images, ranging from metric air photographs taken on official surveys from National Mapping
Agencies, to small format photography taken from helicopters, light aircraft, and drones (Henry
et al., 2002).

Many methods for landslide mapping make use of Digital Elevation Models of the same
area from two different periods. The subtraction of the DEMs allows visualization of where
displacement due to landslides has taken place, and the quantification of displacement volumes
(Oka, 1998; van Westen and Getahun, 2003; Dewitte and Demoulin, 2005).

As far as satellite derived DEMs are concerned, the SRTM DEMSs do not have sufficient
accuracy to be useful for landslide inventory mapping. ASTER DEMs have a root-mean-square
error (RMSE) of 7 to 15 m in areas with limited relief and with good quality data. In high relief
areas these errors are substantially higher (Hirano et al., 2003). The magnitude of these errors
makes ASTER and SRTM less useful for landslide change detection.

The recently launched Japanese ALOS satellite has a panchromatic radiometer (PRISM), as
does the Indian CARTOSAT-1. Both satellites provide 2.5 m resolution, and two panchromatic
cameras that allow for near simultaneous imaging of the same area from two different angles
(along track stereo). These are designed to produce highly accurate Digital Elevation Models that
might be useful in automatic detection of large and moderately large landslides.

Airborne Light Detection and Ranging (LIDAR), also called laser scanning, can provide
high-resolution topographic information (<1 m horizontal and a few centimeters vertical
accuracy), depending on the flying height, point spacing and type of terrain. The vertical
accuracy may be as low as 100 cm in difficult terrain (Haneberg, 2004). McKean and Roering
(2004) and Glenn et al. (2006) report results of a new approach that exploits measurements of
local topographic roughness to detect and map deep-seated landslides. Hsiao et al. (2004) have
used a combination of Airborne Laser Scanner (ALS) and Terrestrial Laser Scanner (TLS) for
the quantification of landslide volumes. They applied a combination of airborne and multiple
ground-based laser scans in a landslide area triggered by the 1999 Chi-Chi earthquake in Taiwan.
Control points are systematically distributed on the 1000 m by 2000 m landslide surface. Surveys
are made by a combination of total stations, GPS and airborne LIDAR, as well as ground-based
LIDAR data.

Rowlands et al. (2003) and Jones (2006) have successfully applied terrestrial LIDAR
measurements for the monitoring of individual landslides by. Similar systems have been
developed that can be mounted on a helicopter (Vallet and Skaloud, 2004). Chang and Liu
(2004) use an Artificial Neural Network for the classification of landslide areas that formed after
the Chi-Chi earthquake by combining Normalized Difference Vegetation Index (NDVI) values
derived from IKONOS data with slope angles and locations derived from airborne LIDAR
DEMs. They report an accuracy of 85 % correctly classified landslides.

Interferometric Synthetic Aperture Radar (INSAR) has been used extensively for measuring
surfaces and many studies have also attempted to use the method either for the mapping of new
landslides or for the monitoring of existing features. Unfortunately, in most environments INSAR
applications are limited by problems related to geometric noise due to the different look angles
of the two satellite passes and temporal de-correlation of the signal due to scattering
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characteristics of vegetation, as well as by atmospheric variability in space and time (Catani et
al., 2005). To overcome these problems, the technique of Persistent Scatterer Interferometry
(PSI), or “Permanent Scatterers” has been introduced (Ferretti et al., 2001). This technique uses
a large number of radar images and works as a time-series analysis for a number of fixed points
in the terrain with stable phase behavior over time, such as rocks or buildings. The availability of
ERS-1, ERS-2, and RADARSAT, together with the recent ENVISAT and ALOS PALSAR, now
offer many more opportunities for obtaining a large time series spanning 4 to 10 years (with 30-
100 images). These techniques are only possible if the landslide displacement is not too large (on
the order of centimeters), and therefore cannot be applied for mapping new landslides with large
displacements. Ground-based interferometry, using a ground-based radar system forming the
synthetic aperture by the sliding of the antennas on a linear rail, has also been successfully
applied to detect landslide movements (Tarchi et al., 2003), but this is more applicable for
landslide monitoring than for landslide inventory mapping.

GENERATION OF LANDSLIDE DATABASES

Besides the application of remote sensing products, many additional data sources are
required to develop a detailed landslide database. Landslide occurrence information can often be
derived from the archives of organizations dealing with the maintenance of roads or railway
lines. However, such databases should be treated with care, as the exact reporting date might not
be the date that the landslide occurred, but rather the date on which the maintenance took place.
Newspaper archives and logbooks of fire brigades or police stations may be another source of
information. However, generally, the only landslides that are reported are those that have caused
major damage. Interviews with the local population and farmers using community-based
approaches have also been applied for obtaining landslide information. Although these methods
may provide a good insight in the location of past landslides, they generally do not result in
reliable temporal information, especially for landslides that have happened many years ago.

The techniques described above are intended to support the generation of landslide
databases. Such databases may have a very large degree of uncertainty, which can be related to
the incompleteness of historical information (with respect to the exact location, time of
occurrence, and type of movement), or to the experience and dedication of the persons carrying
out the image interpretation and field mapping (Soeters and Van Westen, 1996). The difficulties
involved in obtaining a complete landslide database, and its implications for landslide hazard
assessment are illustrated in Figure 4. The graph indicates a hypothetical landslide frequency in
the period 1960-2006, and the main triggering events (either earthquakes or rainfall events) with
the return period indicated. Five different sets of imagery are available for this study (indicated
by arrows A to E below the graph in Figure 4). In order to be able to capture those landslides
related with a particular triggering event, it is important to be able to map these as soon as
possible after the event occurred. For example, the imagery collected at times C and E can be
used to map the landslides triggered by rainfall events with different return periods. The imagery
collected at times B and D however, are either taken some time after the triggering event has
occurred, so that landslide scarps will be covered by vegetation and so be difficult to interpret, or
they occur after a sequence of different triggering mechanism, which would make it difficult to
separate the landslide distributions.
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Figure 4: Schematic presentation of landslide frequency in relation to triggering events and dates

of imagery. On top of the graph, arrows define the rainfall events (white arrows) and
earthquakes (gray arrows) along with an indication of their return periods in years.
The black arrows below the graph (labeled A to E) refer to dates of available remote
sensing imagery for landslide inventory mapping.

A landslide database should contain information on the following topics:

Location and area coverage of the landslide, indicated as a polygon with
differentiation between the scarp area and the accumulation area. This is required
because in many types of hazard assessment the conditions should be analyzed for the
part of the slope where the landslide initiated, directly upslope of the scarp area.
Typology, according to International Standards, such as Cruden and Varnes (1996).
However, the classification should not be too complex, as this will result in too many
unknown attributes in the database. Related to this should be information on the size
and movement velocity.

Date of occurrence, or dates of activity, for reactivated landslides; or a relative
indication if detailed information is not available. The date and timing of the
occurrence is one of the most important aspects in order to be able to link landslides
to triggering events and to analyze magnitude—frequency relations.

Information on the damage caused by the landslide event is important in order to be
able to generate vulnerability curves for the types of landslides and elements at risk
that are present in the study area. This is required for the risk assessment.

Information on causal factors is extremely important in order to be able to make a
good selection of the factors that will be taken into account in the landslide hazard
assessment, in terms of both the environmental factors and the triggering factors.

The source of information and description of the level of certainty of mapping should
be included so that the “certain” landslides are used in generating the landslide hazard
models.
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Web-based landslide databases

Much progress has been made in developing landslide inventories at regional or national
levels. The AVI project in Italy is one of the first comprehensive projects for landslide and flood
inventory mapping. Collection of information was done through interviews, systematic review of
newspapers, and analysis of technical reports, scientific papers, monographs, and books. An
archive of 39,953 newspaper articles, 18,894 source-forms, 9,973 event-forms, and 707
analytical forms was collected for the period 1918-90 and stored in a database (Guzzetti et al.,
1994).

Many countries are developing landslide databases through map servers on the Internet,
including, for example: Hong Kong (CEDD, 2007), Canada (Grignon et al., 2004), Australia
(Geoscience Australia, 2006), Japan (NIED, 2006), Norway (Norges geologiske undersgkelse
(NGU), 2006), Italy (CNR-IRPI 2006), and New Zealand (Glade and Crozier, 1996). Many other
countries are less advanced and are still developing a national mapping system for landslides in
analog form. In Sri Lanka for example, the mapping of landslides was initiated after a major
landslide-triggering event in 1994 (Raviskanthan and Perera, 1994) and the work intensified after
a similar event in 2003. Landslides are mapped in the field without the use of recent imagery,
which makes the process very time consuming. Many other countries have barely started a
national inventory project, or are only in the planning phase. For instance, Cuba only recently
established a reporting system for landslides that is conducted by the various levels of the Civil
Defense (Castellanos and VVan Westen, 2005).

Figure 5 shows two examples of WebGIS applications for landslide inventories. One of
them is from Nicaragua (INETER, 2006), where all available maps and reports related to
Hurricane Mitch and earlier events were used to extract the landslide information, which is
stored in a GIS database with a limited number of information attributes. Another example, from
Japan, contains a very comprehensive landslide database, consisting of 150 digitized quadrangle
landslide maps, with a scale of 1:50,000 (NIED, 2006). Landslide scarps and accumulation areas
have been identified and landslides are classified according to type (Slide, Creep, Flow, Fall,
Slow movement with rotation), movement direction, internal structure, and state of activity. Age
information of the landslides is lacking. Expert geomorphologists mapped the landslides using
1:14,000 scale aerial photographs. The “Natural Terrain Landslide Inventory” of Hong Kong
contains information about 27,000 natural terrain landslides interpreted from 1945-1997 aerial
photographs (CEDD, 2007).

CONCLUSIONS

There are good examples in the literature of the use of landslide inventories for hazard
assessment (Guzzetti et al., 1994; Guzzetti, 2000; Chau et al., 2004; Guzzetti and Tonelli, 2004).
However, existing landslide databases often contain several drawbacks related to the complete-
ness of the information sources in space, and even more so in time, and because they are biased
to landslides that have affected infrastructures such as roads (Guzzetti, 2000; Ardizzone et al.,
2002; Guzzetti and Tonelli, 2004).

Landslide inventory databases are very important for generating reliable prediction maps of
the spatial and temporal probability for landslides. Multi-temporal landslide information is
essential to new approaches for the generation of quantitative landslide probability maps (e.g.,
Chung and Fabbri, 2005 and Guzetti et al., 2005). Many developments have facilitated the
collection of landslide information, especially the wider availability of high-resolution satellite
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imagery with stereo capabilities that are finally a good substitute for aerial photographs.
Emphasis should be given to the generation of event-based landslide inventory maps that are
related to particular triggering events. In order to be able to quantify landslide risk, the following
aspects of quantitative hazard information should be obtained: temporal probability, spatial
probability, magnitude-frequency relationships, and run-out potential.

A landslide magnitude — frequency relationship is needed in order to be able to estimate the
probability of occurrence of a potentially damaging landslide with a particular size and volume,
within a given period of time. There is still no standard classification system for landslide
magnitude, and in practice the surface area of landslides is often used as an indication of
magnitude or volume if depth information is also available. A Magnitude—Frequency distribution
is normally established by analyzing the number and size of landslides over an area (a watershed
for example) using only those features that have occurred within a particular time period. Hence,
mapping event-based landslides is very important.

A relationship between triggering events (rainfall or earthquakes) and landslide occurrences
is needed in order to be able to assess the temporal probability. Temporal probability assessment
of landslides is established by using rainfall threshold estimations, through the use of multi-
temporal data sets in statistical modeling, or through dynamic modeling (van Beek and Van
Asch, 2004). Rainfall threshold estimation is mostly done using antecedent rainfall analysis, for
which the availability of a sufficient number of landslide occurrence dates is essential. If
distribution maps of landslides that have been generated during the same triggering event are
available, a useful approach is to derive susceptibility maps using statistical or heuristic methods,
and link the resulting classes to the temporal probability of the triggering events. The most
optimal method for estimating both temporal and spatial probability is dynamic modeling, where
changes in hydrological conditions are modeled using daily (or larger) time steps based on
rainfall data. The methods for hazard analysis should be carried out for different landslide types
and volumes, as these are required for the estimation of damage potential. Landslide hazard is
related to both landslide initiation and to landslide deposition. Therefore landslide run-out
analysis should also be included on a routine basis.

Corresponding author: Cees J. van Westen, Department of Earth Systems Analysis,
International Institute for Geo-Information Science and Earth Observation (ITC), Postbus 6,
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