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1. Introduction

1.1. Purpose of this report

This report is an additional product of the CHARIM project. It has been drafted upon request of the
World Bank and should form the basis of a technical discussion on

e the methodological framework as proposed for the methodology book,

e the national level hazard maps and

e the use case structure based on one example use case

The objective of the discussion is to make sure that

e the suggested methodologies are adequate and tailored for the Caribbean region
e all relevant methodological details for the national hazard maps are provided, and
e the structure, presentation and level of detail of the use cases is suitable.

In this report we describe the methodologies we propose for the assessment of flood and landslide
hazard in the Caribbean region. The primary focus in this report is on the national scale hazard
assessment.

For the other scales the role of the use cases will be very important as they will guide the user of the
handbook through the first steps of selecting the appropriate method to solve a given problem at a
certain scale and given constraints. This process will be further elaborated in the Methodology part
of the Handbook where we foresee a section that provides more detail on the different
methodologies and their appropriate application.

1.2. About CHARIM

In 2014 the World Bank initiated the Caribbean Risk Information Program with a grant from the ACP-
EU Natural Disaster Risk Reduction Program. A consortium led by the Faculty ITC of the University of
Twente is responsible for conducting capacity-building workshops, generating training materials, and
creating hazard maps to expand the capabilities within participating infrastructure and spatial
planning ministries to use hazard and risk information for decision-making.

The main objective of this project is to build capacity of government clients in the Caribbean region,
and specifically in the countries of Belize, Dominica, St. Lucia, St. Vincent and the Grenadines and
Grenada, to generate landslide and flood hazards and risks information and apply this in disaster risk
reduction use cases focusing on planning and infrastructure (i.e. health, education, transport and
government buildings) through the development of a handbook and, hazard maps, use cases, and
data management strategy.
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The following sub-objectives are defined:

1. To make an inventory of the needs of each target country in terms of their capacity for
spatial data collection, analysis and management, (landslide and flood) hazard and risk
assessment, and integrate this information in spatial development planning and risk
reduction planning.

This was analysed during a series of workshops in the target countries in May/June
2014, and again during a regional workshop in October 2014. Detailed workshop
reports were produced, which are available on
ftp://ftp.itc.nl/pub/westen/Worldbank/

2. To make an inventory of the tools available worldwide in terms of technical training
manuals linked with practical applications and in terms of methodologies applied for
flood and landslide hazard and risk assessment at different scales, as well as open
source modelling tools for these hazard types.

This inventory was carried out and was reporting in the preliminary assessment
report in June 2014, which can also be downloaded from the same site indicated
above.

3. To develop a theoretical framework for landslide and flood hazards and risks
assessments, based on the review of existing quantitative and qualitative assessment
methods and their appropriate use.

This report together with the report related to flooding are contributing to this
objective.

4. To develop nine national hazard mapping studies in the five target countries. One in
Belize related to floods and two on each island for landslides and floods.
This report states the method that is proposed for the national landslide and flood
hazard assessments within the target countries. It will show first results.

5. To develop a handbook to support the generation and application of landslide and
flood hazard and risk information.
A draft table of contents was included in the preliminary assessment report, which
was discussed with the WB staff and was presented during the workshop in Saint
Vincent in Early October. Also the platform for the handbooks (www.CHARIM.net )
was presented.
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6. To develop a number of use cases of the application of hazard and risk information to
inform projects and program of planning and infrastructure sectors. The methodology
provides the overall framework for the use cases.

The structure of the use cases was presented in a document in September 2014, and
was also discussed during the workshop in Saint Vincent. The Table of Contents
contains 6 use cases related to Land use Planning and Management, 13 use cases
related to Critical Infrastructure, 2 related to emergency preparedness planning, 4
related to risk assessment, 6 related to vulnerability and exposure, 7 related to
hazard assessment, and 6 related to data management. Currently the use cases are
being developed by the consortium, and first results will be available by the end of
November. Some of the use cases will also have GIS exercises.

7. To make the handbook, data and methodology available through a pdf document and
through a web-based platform, consisting of web-based databases, and a Decision
Support system set-up for risk reduction planning

A platform for the dissemination of the handbook is under development, through
www.charim.net the structure of the platform was described in a document in

September 2014, and discussed during the workshop in Saint Vincent.

8. To provide training courses based on the materials and the handbook, that is made

available to the entire region through a web-based platform and distance education

course in collaboration with the University of the West Indies;
An extensive training course is planned for one month in ITC, the Netherlands, in
February 2015. Two participants from each country will attend the training course,
where the use cases are presented, and a number of use cases are worked out in the
form of GIS datasets together with the participants. Also plans for a follow-up
distance education training course based on the CHARIM materials are currently
under discussion with the WB team.

This report addresses specifically objectives 3 and 4.
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2. Proposed method for national-scale flood hazard analysis of the 4 islands
countries

Flooding in the Caribbean occurs relatively frequently, with a similar mechanism that causes flash
floods for all 4 islands. The floods can be characterized as flash floods, which are characterized by a
fast response to heavy rainfall, which leads to runoff that collects in flatter, low-lying areas. Each of
the islands is basically a mountain ridge of volcanic origin which in terms of hydrology can be
characterized as a central ridge with many small catchments that lead directly to the ocean. If the
rainfall depth and intensity is such that not all can be absorbed in the soil, runoff will occur that is
guided directly to the lower floodplains by means of natural river systems.

Each island consists of >50 catchments with rivers that are generally smaller than 20 km, and have
natural channels for the most of their length. Only near the ocean on the floodplains, where there
are towns and agriculture, are sometimes rivers canalized. Especially in the towns themselves the
rivers are lined with concrete walls. There is very little baseflow in these streams, and often they are
eroded to bedrock level, especially further upslope.

Note that this does not mean only the lower floodplains are subject to flooding, also higher up in the
hill flatter areas may occur, which are inhabited. In fact, during a flash flood situation, flooding
upstream often is positive for the flood dynamics downstream. If all discharge would be guided to
the floodplain, reaction times would be decreased and flood extent would be increased.

It is of course impossible to protect all catchments on each island, or even every inhabited catchment
on each island. People are however not completely unprepared as they experience floods several
times in a lifetime. Also certain assets are vulnerable, such as transport corridors, bridges and
culverts. Many buildings are constructed on stilts or platforms, or out of reach of the river. To assist
in planning and emergency aspects, there is a lot of interest in early warning systems on the islands,
which illustrates the nature of the flash floods.

Another specific characteristic of the flash floods is the high water velocities in the channels, and the
erosive power of the discharge. Judging from the sediment left behind in the river channels
downstream, there can be a lot of erosion and sediment transport during heavy rainstorms.
Sometimes this is direct scouring of the river bed, although most rivers are eroded until bedrock
level. More likely is that the sediment is derived from the many landslides that occur during an event,
or have occurred during previous events and for a steady supply of sediment to the river. Also trees
that are uprooted during one storm, can be found in the channels in the following storm. We have
not done research into this aspect, and transport of boulders and trees in high velocity streams is
more a topic for scientific research, than that there are easy methods available to include this in a
hazard assessment.
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2.1. Requirements and choice of flood models
There are three levels of flood hazard assessment that are generally applied on the islands:

1) GIS methods that combine geomorphology (DEM, relief) with factors related to runoff (land use,
soils) to give a static assessment of flood hazard. Basically these methods divide the landscape in
flood plains and contributing areas, with hazard levels derived from assumed flood extent based
on rainfall amount. These methods give no information on flood dynamics (levels, timing). This
has been applied in Grenada for instance.

2) A-priori selection of flood prone areas, based on governmental requests after flooding took
place. The approach applied here is a combination of flood model that assumes a certain
incoming discharge and simulates the spreading of this discharge on the floodplain (2D flood
modelling). This can give a detailed assessment the flood process when floodplain data is
collected (cross sections and elevations). Often a combination of HECRAS and HECHMS (US Army
Engineering Corps) is used for this type of work. The flood simulation is relatively accurate, but
the incoming hydrograph is often estimated with an assumed runoff coefficient. A common
method to estimate runoff coefficients is with the SCS curve number method, which is well
calibrated in the US under those conditions, but poorly defined for the small tropical catchments
of the islands. Also these methods assumes that all runoff water reaches the downstream flood
plain, but this is not the case in reality. For instance a well-known flood case of a school in Bexon
(St Lucia) in 2013, is a flooding of a valley floor halfway the catchment, and not near the outlet. If
these "halfway" floods are ignored, it is almost certain that the incoming hydrographs for the
downstream flood models are not well calculated.

3) Integrated flood assessment, including both the upstream and downstream processes in one
simulation, using a 1D-2D simulation approach. The advantage is that the full surface hydrology is
simulated, without any a-priori selection of flooded areas. Also changes upstream or
downstream (retention basins, protective barriers, or even changes in land use) can be simulated
when they are translated into different input datasets. The disadvantage is that a large dataset is
needed for this type of modelling with many hydrological parameters. Examples of this
integrated flood models are FLO-2D (www.flo-2d.com), the BASEMENT model (ETH Zurich), the
MIKE-SHE model suite (DIH), and openLISEM (ITC). There are technical differences but the
datasets are essentially the same.

Based on the hydrological nature of the islands the following terms of reference for the flood hazard
assessment are proposed:
1) Base the hazard methodology on full hydrological modelling, so that the particular nature of
the islands is emphasized (extreme rainfall, tropical vegetation, small catchments).
2) Use the same logic and methodology on all scales and for all islands, so that per island a
single dataset can be constructed, which only varies in the level of detail (scale/resolution).
In this way there is only one methodology and skillset to understand, with more or less detail
relevant to the scale.
3) Make sure that this methodology fits the available data, whereby data gaps are filled by
knowledge and data pooled from the islands. Thereby we rely as little as possible on
variables/constants/assumptions from general worldwide datasets, acquired in
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environments that are very different. However not all islands have the same level of data,
and there will be some shared datasets:

a. Design storm shape and intensity will be derived from St Lucia data (1 minute rainfall
available for 12 stations for 10 years). Note that the frequency/magnitude is derived
from daily data and specific for each island.

b. Soil physical data from the 2014 field investigation on Grenada (99 samples of
hydraulic conductivity and porosity), which can be related to the soil classification
system that is the same for all islands.

4) Based on field studies in Grenada, the generation of runoff from the interior of the islands is
complex: soils are derived from volcanic parent material and are generally clayey. The clay
forms very stable and strong small aggregates which results in very open and well-structured
soils under natural vegetation. The infiltration capacity of the top soil is much higher than the
literature suggests for clay rich soils. The subsoil is more massive and often stony, with much
less structure. This is common in tropical soils where most root and micro-organism activity
is in the top soil. This means that natural vegetated areas are capable of absorbing a
considerable amount of water before they "overflow" while agricultural areas have a more
immediate response.

5) There is a lot of interest in early warning systems. A hazard analysis can include information
for that: for instance time to flooding start for any location in a catchment with respect to
the beginning of the rainfall.

Based on these requirements we selected the integrated flood model openLisem (open source
designed by the ITC), because it is designed to use geospatial data that can be derived from digitized
general maps and satellite images, and the model results can be easily merged with known GIS
systems. Also it produces the variables generally used in a flood hazard analysis: maps of flood
extent, maximum depth, velocity, duration and start of the flooding per gridcell.

2.2. Methodology for the national scale hazard assessment

The flood hazard assessment will be based on flash flood modelling of all watersheds on the island.

Using a spatial flash flood model, and the basic spatial databases available for the islands, the flash

flood behaviour of individual complex rainstorms can be simulated, in high spatial and temporal

detail. Fig 2.1 gives the methodology to create flood hazard maps.

The national scale flood hazard maps has the following steps:

1) A frequency magnitude analysis to select/create different rainfall events for different repetition
times (for instance 5, 10, 20, 50, 100 years).

2) Simulating the effects of these events, using a spatial dataset of the landscape factors that has
the highest possible resolution on this scale. Man-made structures are taken into account but
generalized to some extent (explained below).

3) Translate the model outcome, i.e. flood water depth, flood duration, early warning time etc. to
hazard classes.

4) Make a cartographic product of these hazard maps (e.g. a 100.000 scale map)

National scales versus more detailed scales
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The model system, i.e. flash flood model and model database, is capable of generating flood hazard
information at both the national scale and on more detailed scales. It can be used for a detailed
analysis of a particular situation if the input data is available. This is a matter of increasing the he
level of detail of some of the data layers, and of course also of showing more details in the final map
product. It is important to distinguish between these two aspects: the modelling on the one hand
and the final cartographic product on a desired scale on the other. Table 2.1 gives the detail level of
the data used by the model, that is needed at three levels of detail.

For each scenario:

openLISEM s Maximum flood depth

- Flash flood model
Design events, 5, 10, 20 years I— Simulate 1ehand

Flow directions, river system ]— on 20m scale Time to flood start !

Soil data Infiltration, runoff

Land use/cover Infiltration flow resistance }—

Flood duration

Buildings, .| Blockage scenario
culverts/bridges (what if ... bridges half blocked)

Combine into Hazard maps

GIS: combine with relevant information:
Buildings, Infrastructure, Sat image

Hardcopy: highlight flooded areas
Stats about hazard (building submerged)

Figure 2.1. National scale flood hazard assessment methodology: basic information layers to the left are used for
hydrological information that is given to the model. Rainfall for different return periods results in different flood
simulation results. These are combined in hazard information databases, and also reproduced as cartographic products.

Table 2.1. Level of detail of the spatial information of the flash flood model, when used at different scales.

Data type National scale Intermediate Case study

Resolution 20x20 m 20x20 m 10x10 m

Rainfall Design event Same as national Same as national

Soils Soil map Same as national Same as national + field info

Land use Image classification Same as national Same as national + field info

DEM National scale interpolation contour Same as national Re-interpolation with added GPS
lines points, or LIDAR

Channels Generalized width and depth, based on  Actual channel dimensions of Actual channel dimensions of

limited field observations. Blockages main streams, blockage and main streams, blockage and
and sedimentation in channels ignored.  siltation by decreasing effective siltation by decreasing effective

cross section. cross section.

Bridges/culverts Not included Bridge cross sections and Bridge cross sections and
main/large culverts can be main/large culverts can be
included. included.*

Roads As fraction of gridcell Same as national scale Same as national scale

Buildings Building density as fraction of a gridcell Building density as fraction of a Larger individual buildings as
gridcell obstructions

Dikes and levees Only major dikes, such as southern Only major dikes, such as Major local barriers influencing

airport levee southern airport levee water flow can be included.

*=note that because of the numerical solutions in the model, the channel must always be smaller than the grid
cell width.

The hazard map that is created in a GIS as a cartographic product will combine topographic
information on the best level of detail with respect to the scale. A good example is the building
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information described below: the model uses a building density map, the hazard map combines the
hazard information with the actual building polygons.

2.3. Model software — openLISEM

The method is based on the open source integrated watershed model openLISEM. This model is
based on the well-known LISEM erosion/runoff model (see e.g. Baartmans et al., 2012), combined
with the FullSWOF2D open source 2D flood package from the University of Orleans (REF). As a runoff
model LISEM has been used in many environments, European humid and semi-arid areas, islands
(Cape Verde), India, Indonesia and Vietnam. The flood part has been used in Kampala (Uganda). It
can be downloaded from blogs.itc.nl/lisem.

openLISEM is a hydrological model based on the surface water balance. It uses spatial data of the
DEM, soils, land use and man-made elements (buildings, roads, channels) to simulate the effect of a
rainfall event on a landscape (see fig 2.3). The resulting runoff is derived from a Green and Ampt
infiltration calculation for each gridcell, and routed to the river channels with a kinematic wave. The
water in the channels is also routed with a kinematic wave (1D) but when the channels overflow the
water is spread out using the full St Venant equations for shallow water flow. Runoff can then
directly add to the flooded zone. Since it is an event based model, LISEM does not calculate evapo-
transpiration or groundwater flow. Figure 2 shows schematically the steps in the model from runoff
to flooding.

Rainfall Soil units Infrastructure

Land use/cover

Rainfall spatial info
Event time series
(tipping bucket)
Interpolation
(1D, areas)
Satellite products

Spatial Event
(dt = 1-60 min)
One or more

stations as tables

or maps

Flow direction
Slope
Elevation

Soil physical info
Texture classes
Pedotransfer
functions
Field data

Ksat

Porosity
Moisture content
Avg. Suction
Depth

Run file
']
LISEM

Vege

Crop/veg type
Satelliteimagery

Canopy storage

Manning’sn
Surface roughness

Topographicinfo
Building footprint
Channels/bridges/
culverts
Road map (tarmac)

Building density
Road width

Channel cross section
Bridge/culvert cross
section

1. Basic maps needed, raster format, minimum resolution defined by user (min resolution wider than channel, no max area size)

2. Additional area information on rainfall distribution, soil and land use parameters, and infrastructure parameters. Derived from
imagery, available maps, literature, field work, other models etc.

3. LISEM input database, generated automatically in PCRaster GIS (macro language script, combining base maps and knowledge
to create maps for all input variables

4. Define a run file for the job, specifying all options and map names for this run.

Figure 2.2. Flow chart of the creatyion of an input database for openLISEM from 5 basic adta layers. The database is
generated automatically in a GIS (PCRaster) with a script that is taylor made for each island.
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Figure2.3. Schematiaepresentationof flow processedrom 1D kinematic wave runoff and channelflow (1), to overflow
of channels(2), spreadingout of water from the channelsoutward using2D full Saintienantequations(3), and flowing
backinto the channelwhen water levelsdrop, most likely the runoff has stopped by now (4). Runoff continuesto flow
into the flood zonefor a short distance.

Figure2.4 showshow openLISEMealswith subgridcellinformation. Youcanadd layerswith objects
smallerthan a gridcell, which are then defined as a fraction (buildingsand vegetation)or by their
width (roadsand channels)Note that roadsdo not actaschannelsanddo not guidethe water along
the road, only if you make sure the flow direction is also along the road. Roadsonly influence
infiltration (impermeable) runoff (smooth),and there is no interception and sedimentdetachment
but there canbe deposition.

Figure2.4. Different information layersare combinedinto one set of information per gridcell. Vegetation and building
information is givenasa fraction per cell, roadsand channelsare givenaswidth in m. Thesoil layer is the baselayer so
that we alwaysknow what for instancethe infiltration besidearoadis.
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Figure 4.7: Examples of landslide problems along the road corridors. Upper left: A landslide at the tunnel
entrance in St. George, Grenada that happened 21/9/2014. Upper right: A landslide affecting the road from
Roseau to the airport, Dominica. Lower Left: Landslide that destroyed primary road in Belmont area, Saint

Vincent. Lower Right: Rockfall in road to Stowe, Dominica

Table 4.3: Summary of landslide types from available landslide inventories.

SlideType Dominica Saint Lucia Saint Vincent Grenada
Debris Flow 484 619 90 3
Debris Slide 318 28 45 35
Earthflow - 41 - -
Rockfall 8 22 5 35
RockSlide - - 52 43

Note: these data are derived from available landslide inventories. Within this project ITC has generated a series
of new landslide inventories with many more landslides.

4.2.5. Available data and resources

As this national hazard assessment component under the CHARIM project is to be carried out
primarily with existing data, with only relatively small resources for additional data collection, the
available data is one of the most important factors that will determine the method for susceptibility
and hazard assessment used.

Therefore the last criteria that will be discussed here relates to the available data in terms of:
e landslide inventory data;
e Triggering events;
e Factor maps.

The number and quality of the available landslide inventory maps is perhaps the most crucial factor
that determines the method of analysis. If sufficient landslide inventories are available the analysis
could be carried out primarily using statistical methods. Chapter 5 focuses on the analysis of the
available landslide inventories. As we will see there is a large difference between the 4 countries.
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Saint Lucia has by far the largest number of inventories, both for road related landslides as well as for
inventories for the whole country. Grenada has only one inventory. Here we will have to
complement the inventory by analysing possible old landslides through interpretation of the LIDAR
hillshading image. We will also use older satellite images that were available after Hurricane lvan in
2004 to map landslides caused by this event. This will not allow us to characterize the triggering
event, and we will not be able to generate event-based landslide inventory maps. This means in the
susceptibility assessment we have to rely more on expert opinion and estimations.

It is also important if inventories from different triggering events are available, because then it is
possible to characterize the susceptibility classes with the expected landslide densities that could
occur with triggering events with different return periods. Ideally we would like to have a worst case
scenario for each of the island: what would happen in terms of landslide density if the island would
be hit by a major hurricane or tropical storm. In the next chapter we will analyse the available data
for the triggering events, based on collection of disaster events per island for the past 150 years. In
this chapter we will also analyse the available rainfall data. If rainfall data covers a substantially large
period of time during which these major triggering events have occurred, we can use the data to
calculate the return periods. Also the spatial distribution of the rainfall stations is important in order
to model the spatial distribution of rainfall during these triggering events. The distribution with
different altitude zones on the leeward and windward sides are also very important for analysing the
relation between landslide distributions and rainfall distributions.

Later on we will also make an evaluation of the available factor maps for landslide susceptibility
assessment. Here we are faced with several problems, related to the spatial, thematic and temporal
accuracy of the data. Spatial accuracy is a major problem for several of the islands, as many of the
available factor maps do not spatially match, due to differences in coordinate systems, and the fact
that the conversion factors for some of the coordinate systems are not well defined. Therefore it was
difficult to overlay the data with the satellite images that we obtained, but also several of the factor
maps from the same country provided by different organizations had severe problems in spatial
matching. Another aspect related to spatial accuracy is the large variation in mapping scale of the
input data. Some of the data was obviously digitized from very general base maps, where others are
much more detailed.

Thematic accuracy relates to the accuracy of the content of the factor maps. From our analysis it
became clear that several of the critical layers for landslide susceptibility assessment are very
general. For instance lithological maps are generally very general, and lack the detail that would be
required to match the landslides with specific volcanic deposits. The same is true for the available soil
maps, which are generally almost useless as a factor map for the slope stability assessment. Also
Digital Elevation Models are quite different in quality. Some of the DEMs seem to have been derived
from other products, with strange artefacts and angular contour lines, as was the case for the DEM in
Saint Lucia.

Finally also the temporal accuracy is a point, specifically for the land cover maps, which are generally
rather old, and should be updated. Fortunately we can make use of the updated and more detailed
land cover maps that are provided by the British Geological Survey.

4.3. Landslide triggering characteristics

One of the key factors for the generation of landslide susceptibility and hazard maps is information
on when landslides occurred in the past, and by which triggering events. For the four islands intense
rainfall events are considered the most important triggering events. Even though there might be
earthquakes occurring in the island, their expected intensity is generally not considered to be high
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enough to cause substantial landslide problems. Also human interventions may trigger landslides,
e.g. through deforestation, clear cutting, improper drainage practices, or slope cutting, but still a
rainfall trigger would be required to actual cause the landslides.

Therefore a study was carried out using various literature sources to reconstruct the major disaster
events in the history of the islands. First of all we visited the Office of Disaster Management/
NEMO/NadMA. One of the best data on historical disaster events came from Saint Vincent, where
someone carried out a study using newspaper records for the past decades. In some of the cases
they had very limited information on historic disaster occurrences. For instance in Grenada the
information is very limited. We also collected information from various sources on the internet. One
of the best sources for older information was O’Keefe and Conway (1977) for the older disaster
occurrences. They based their own data on extensive analysis of newspaper searches for the various
countries.

The preliminary results of the data collection on disaster events are presented in Tables 4.4 to 4.7 for
the four islands. The data cover a long period starting mostly in the 19th century. As can be seen
there is a large difference in the detail of the historical data sets between the four countries. Most
data is available for Saint Lucia, and for Grenada there is much less information available.

For many of the historical events it was possible to reconstruct the date of occurrence. This is
important as we intend to correlate these dates of occurrence with rainfall data for the same period,
in order to determine rainfall thresholds for the occurrence of landslide events, where we would like
to subdivide them according to the severity of landslides that were triggered during the event. Once
we can subdivide the triggering events according to the severity of landslides caused, we intend to
calculate the return periods of these events, and represent landslide densities for these triggering
events in order to characterize the areas with higher probability of occurrence of landslide events.
The procedure is illustrated in Fig. 4.8. The further back in time, the less landslide inventories, and
also less rainfall data will be available, which will make it difficult to determine what would be the
relations between triggering rainfall and landslides.

Rainfall data were also collected for the four islands. An overview of the data that was collected is
shown in Table 4.8. As can be seen from this table there are many problems with respect to the
rainfall data. Most of the stations data are only available for limited periods of time, and they often
present data gaps. Many of the rain gauges that were previously maintained on the various estates
have become dysfunctional. Hourly data is available for only a limited number of stations and for a
short period of time. Therefore it will not be possible to use the data for the generation of intensity-
frequency-duration curves, and we will try to use the daily rainfall data for the stations to correlate
with the landslide occurrence dates.

Triggering events
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10000

1000

Landslide frequency

T R T T T T T T T
1960 1970 1980 1990 2000
Time
D E

A B c

Available inventories

Page | 62



Figure 4.8: Schematic representation of the importance of collecting landslide inventories of specific triggering
events. The larger the trigger, the more landslides. Therefore it is important to reconstruct the inventories
caused by the main triggering events, and to correlate these events with the rainfall characteristics, which can
then be used in a magnitude-frequency analysis in order to estimate return periods of triggering events.

Table 4.4: Historical disaster events in Dominica collected from different sources (NI = No Information).

Year Day Events Notes Information available

1806 09/09/1806 | Hurricane Landslides and Flooding

1813 23/07/1813 | Hurricane Flooding

1813 25/08/1813 | Hurricane Flooding

1834 10/09/1834 | Hurricane NI

1834 20/09/1834 | Hurricane Landslides and Flooding

1851 NI Hurricane NI

1916 28-8-1916 Hurricane Landslides and Flooding

1920 NI NI Landslides and Flooding

1921 NI Hurricane NI

1924 NI Hurricane NI

1926 24-7-1926 Hurricane Landslides and Flooding

1928 12-9-1928 Hurricane NI

1930 1-9-1930 Hurricane Landslides and Flooding

1948 NI Tropical Storms Landslides and Flooding

1949 set-49 Tropical Storms NI

1960 NI NI Landslide Bellevue Chopin

1963 28-9-1963 Hurricane Edith Landslides and Flooding

1966 jun-66 Tropical Storms Landslides and Flooding

1970 20-8-1970 Hurricane Dorothy Landslides and Flooding

1977 NI NI Landslide (Bagatelle Disaster)

1979 29-8-1979 Hurricane David (Category 5) Landslides

1980 NI Hurricanes Federick & Allen (Catl) | NI

1983 NI NI Landslide Bellevue Chopin

1984 NI NI Landslides

1984 6-11-1984 Hurricane Klaus Debris Down

1986 11-11-1986 | Several days of heavy rainfall Landslide Good Hope

1986 12-11-1986 | Several days of heavy rainfall Landslide Castle Bruce

1988 NI Hurricane Gilbert Landslides’ Mathieu and Layou River

1989 NI Hurricane Hugo NI

1995 25-8-1995 Hurricane Luis NI

1995 4-9-1995 Hurricane Iris Large landslides Mathieu River

1995 16-9-1995 Hurricane Marilyn (Cat 1) Flooding

1997 18-11-1997 | NI Debris Flow Mathieu River Location known

1997 25-11-1997 | NI Landslides Mathieu River

1997 28-11-1997 | NI Landslides Mathieu River

1999 apr-99 Hurricane Lenny Landslides in the north

2003 NI NI Carholm landslide

2003 9-12-2003 NI Landslide Bellevue Chopin Location known

2004 nov-04 NI Series of Landslides’

2004 21-11-2004 | earthquake NI

2007 NI NI Landslide Campbell Location known

2007 NI NI Landslide Bellevue Chopin Location known

2007 aug-07 Hurricane Dean (Cta 2) Flash Flooding

2008 okt-08 Hurricane Omar NI

2009 jul-09 NI Flooding

2010 24-5-2010 Heavy rains Overnight Saint Sauver Slide Location known

2011 28-7-2011 NI Miracle Lake Flooding

2011 29-7-2011 NI Landslide Soufriere Location known

2011 sep-11 Storm Ophelia NI Inventory along roads

2012 29-8-2012 Tropical Storm Isaac landslides’

2013 apr-13 NI Landslides Inventory along roads

2013 5-9-2013 NI Landslide Morne Prosper Location known

2013 24-12-2013 | Christmas Eve trough landsides and Flooding Inventory along roads, image
interpreted inventory
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Table 4.5: Historical disaster events in Saint Lucia collected from different sources (NI = No Information).

Year Day Events Notes Information available
1872 09-20/09/1872 Hurricane NI

1875 08-18/09/1875 Hurricane NI

1876 01/11/1876 Hurricane NI

1879 09-16/10/1879 Tropical Storm NI

1880 15-20-08/1880 Hurricane NI

1886 15-27/08/1886 Hurricane NI

1887 08/08/1887 Tropical Storm NI

1887 11-22/09/1887 Hurricane NI

1888 01-08/11/1888 Tropical Storm NI

1891 18-25/08/1891 Hurricane NI

1894 11-20/10/1894 Tropical Storm Landslides and Flooding

1895 22-30/08/1895 Hurricane NI

1896 11/09/1896 Tropical Storm Landslides and Flooding

1898 05-20/09/1898 Hurricane NI

1901 04-13/07/1901 Hurricane NI

1903 06-16/08/1903 Hurricane NI

1916 10-22/07/1916 Hurricane NI

1916 12-20/08/1916 Hurricane NI

1916 06-15/10/1916 Tropical Storm NI

1917 20-30/09/1917 Hurricane NI

1918 09-14/09/1918 Tropical Storm NI

1921 10-9-1921 Tropical Storm Landslides and Flooding

1924 16-18/08/1924 Hurricane NI

1928 19-9-1928 Tropical Storm Landslides and Flooding

1931 10-21/08/1931 Tropical Storm NI

1938 21-11-1938 Tropical Storm Landslides and Flooding

1938 22-11-1938 Tropical Storm Landslides Ravine Crebiche and Flooding
1939 7-1-1939 Tropical Storm Landslides Ravine Poisson and Flooding
1940 7-8-1940 Tropical Storm Landslides and Flooding

1941 23-30/09/1941 Hurricane NI

1942 21-31/08/1942 Hurricane NI

1942 15-22/09/1942 Tropical Storm NI

1943 11-18/10/1943 Hurricane NI

1948 1-9-1948 Tropical Storm NI

1949 3-9-1949 Tropical Storm NI

1951 5-9-1951 Hurricane Dog NI

1954 12-12-1954 Tropical Storm Landslides Ravine Poisson and Flooding
1958 4-7-1958 Tropical Storm Landslides and Flooding

1958 6-9-1958 Hurricane Ella NI

1960 10-7-1960 Hurricane Abbey NI

1963 24-9-1963 Hurricane Edith NI

1965 27-9-1965 Hurricane Betsy NI

1965 25-10-1965 Tropical Storm Landslides and Flooding

1966 jun-66 Tropical Storm Landslides and Flooding

1966 27-30/09/1966 Tropical Storm Judith NI

1967 8-9-1967 Hurricane Beulah NI

1967 26-9-1967 Tropical Storm Edith NI

1969 25-27/07/1969 Tropical Depression NI

1970 17-23/08/1970 Tropical Storm Dorothy NI

1970 2-10-1970 Tropical Depression Landslides and Flooding

1971 18-25/08/1971 Tropical Storm Chole NI

1976 03-12/10/1976 Tropical Depression NI

1979 19-24/06/1979 Tropical Storm Ana NI

1980 3-8-1980 Hurricane Allen Widespread landslides particular Barre de l'isle
1981 nov-81 Storm Landslides

1983 23-7-1983 Storm NI

1984 24-26/07/1984 Tropical Depression NI

1988 11-9-1988 Tropical Storm Gilbert Landslide 1985 map De GRaff
1990 6-11-1990 NI Landslides More du Don
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1992 29-11-1992 NI Landslides
1993 14-17/08/1993 Tropical Storm Cindy NI
More than 400 Landslides shallow debris flow Mapped by Cassandra
in the upper areas, debris and rock slides Rogers
1994 09-10/10/1994 Tropical Storm Debby along roads
1995 7-9-1995 Hurricane Iris Landslides Millet Primary school,
1998 sep-98 Earthquake and incessant rain Landslides Boguis
soil creep and slow gravitational movement
1999 7-10-1999 Seismic Event and Flooding
2001 14-22/08/2001 Tropical Storm Chantal NI
Tropical Storm Jerry and
2001 04-09/10/2001 Hurricane Iris NI
2003 07-17/07/2003 Hurricane Claudette NI
2004 03-14/08/2004 Tropical Storm Bonnie NI
2004 26-9-2004 Seismic Event Landslides Tapion
2005 1-7-2005 Heavy rainfall prior to the failure Landslide Windjammer Landing Beach Resort
2007 13-23/08/2007 Hurricane Dean NI
Many landsides Colombette, Fond St Jacques,
along the Barre De L'ile, Millet and on the hills
2010 30-31/10/2010 Hurricane Tomas east and south of Castries
2004 26-9-2004 Seismic Event landslides’ Tapion
2005 1-7-2005 Heavy rainfall prior to the failure Landslide Windjammer Landing Beach Resort
2007 13-23/08/2007 Hurricane Dean NI
Many landslides’ Colombette, Fond St Jacques,
along the Barre De L'ile, Millet and on the hills
2010 30-31/10/2010 Hurricane Tomas east and south of Castries
2013 24-12-2013 Christmas Eve trough Several landslides along the roads

Table 4.6: Historical disaster events in Grenada collected from different sources (NI = No Information).

Year Day Events Notes Information available

1856 13/08/1856 NI Hurricane NI

1894 09/1894 NI Tropical Storm Flooding

1895 NI NI Tropical Storm Flooding

1896 27/11/1896 NI Tropical Storm Flooding

1897 NI NI Tropical Storm Flooding
Landslides and

1915 NI NI Tropical Storm Flooding
Landslides and

1921 NI NI Tropical Storm Flooding

1954 7-10-1954 NI Tropical Storm Flooding
Landslides and

1955 22-9-1955 NI Hurricane Janet Flooding

1963 24-9-1963 NI Hurricane Edith NI
Landslides and

1963 1-10-1963 NI Hurricane Flora Flooding

1964 Hurricane Cleo NI

1978 7-8-1978 NI Tropical Storm Cora NI

1979 NI NI Hurricane David NI

1980 NI NI Hurricane Allen NI

1985 11-9-1985 NI Tropical Depression NI

1988 10-10-1988 NI Tropical Storm NI

1999 Hurricane Lenny

2004 7-9-2004 NI Hurricane lvan NI

2005 4-7-2005 NI Tropical Depression NI

2007 31-8-2007 NI Hurricane Felix NI
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Table 4.7: Historical disaster events in Saint Vincent collected from different sources (NI = No Information).

Year Day Events Notes Information available
1874 09/09/1874 Tropical Storm Landslides and Flooding Heavy Rain
1876 01/01/1876 Tropical Storm Landslides and Flooding Heavy Rain for 2 days
1884 16/08/1884 Tropical Storm Landslides and Flooding NI
1886 15/08/1886 Tropical Storm NI NI
1887 30/07/1887 Tropical Storm NI NI
1887 11/09/1887 Tropical Storm NI NI
1895 06/09/1895 Tropical Storm Landslides and Flooding NI
1895 15/09/1895 Tropical Storm Landslides and Flooding NI
1896 28/10/1896 Tropical Storm NI Heavy Rain
1897 NI Tropical Storm Flooding Cyclone
1898 11/09/1898 Hurricane NI NI
1902 8-5-1902 Earthquakes and volcanic activity | Landslides NI
1916 okt-16 Tropical Storm Flooding Heavy Rain
1955 23-9-1955 Hurricane Janet NI NI
1954 9-10-1954 Tropical Storm Flooding
1957 30-5-1957 Landslide
1963 5-7-1963 Storm NI NI
1963 24-9-1963 Hurricane Edith NI NI
1962 1-9-1962 Heavy rain Landslide Heavy Rain
1962 25-6-1962 Tropical Storm NI NI
18" of rainin 12
1967 17-9-1967 Hurricane Behulah Landslides and Flooding hours
1974 13-5-1974 Heavy rains Landslides and Flooding heavy Rains
1974 2-10-1974 Tropical Storm Landslides and Flooding Heavy Rains
1977 18-10-1977 Heavy Rains Flooding Heavy Rains
1978 19-10-1978 NI Landslide NI
1980 11-8-1980 Hurricane Hallen NI NI
1981 1-5-1981 Tropical Storm Landslides NI
1986 8-9-1986 Tropical Storm Daniel Landslides and Flooding NI
1987 21-9-1987 Hurricane Emily Landslides and Flooding NI
1987 nov-87 NI Landslides’ NI
1988 22-08-1988 Previous Heavy Rains Rockslides Heavy Rains
1988 22-10-1988 Heavy Rains Landslides Heavy Rains
1990 28-09-1990 Heavy Rains Landslides and Flooding Heavy Rains
1991 26-08-1991 Heavy Rains Flooding NI
1991 24-10-1991 Torrential Downpours Landslides NI
1992 21-09-1992 Heavy Rains Flooding NI
1995 26-08-1995 Tropical Storm lIris Landslides and flooding NI
1996 08-09-1996 Incessant Rain Flooding and Landslides NI
1998 08-01-1998 Torrential rainfall Flooding NI
1999 17-11-1999 Hurricane Lenny Flooding NI
2000 29-11-2000 Torrential Downpours Flooding NI
2001 4-10-2001 Tropical Depression Iris NI NI
2002 24-9-2002 Tropical Storm Landslides and flooding NI
2004 8-9-2004 Hurricane Ivan Landslides and Flooding NI
2004 24-11-2004 Tropical Storm NI NI
2005 14-7-2005 Tropical Storm NI NI
2010 29-10-2010 Hurricane Tomas NI NI
2011 11-4-2011 Tropical Storm Landslides NI
Heavy Rain 200 to
2013 24-25/12/2013 Tropical Storms Flooding 300 mm in two hours
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Table 4.8: Available rainfall data for the 4 islands

Island Number of stations Period of data Characteristics
Dominica Canefield airport 1982 to present Daily data only
Melville Hall airport 1975 to present Daily data only
DOMEX 2007 to present Hourly data for 10 stations arranged in a
transect over the country
http://www.domex2011.com/rain-gauge-
network
Saint Lucia | 19 stations Longest period 1955 - | Daily rainfall data
2005
19 stations Longest period 2003 - | Hourly data but with many interruptions
2010
Canelles, 2012 -2013 Rainfall data (continuous) and water levels
Deglos measurements.
Mabouya
Grenada Botanic Gardens 2003-2012 Hourly
Mirabeau 2003-2009 Hourly
Pearls 2005-2006 Hourly
Cardi 2003-2009 Hourly
Kubalal C& W 2003-2009 Hourly
La Sagesse Agriculture | 2011 Hourly
Station
59 stations Variable periods from | Monthly data for estates, but very irregular in
mid 1900’s terms of time period. Data probably in inches
2 stations 1986-2014 Hourly data
Saint 7 stations Longest period 1957 - | Monthly data
Vincent 2008
28 stations Few years only Daily rainfall data
1 station 1986-2009 Daily data
4.4, Landslide inventory mapping

Landslide inventories are the basis for assessing landslide susceptibility, hazard and risk. They are
essential for susceptibility models that predict landslide on the basis of past conditions. If these are
not sufficiently available more emphasis should be given on expert assessment and evaluation.
Therefore we need to know where they happened. The conditions under which landslides happened
in the past analyzed and the relevant combinations are used to predict future ones. Therefore we
need to understand the causal relations between landslides and the causal factors. These conditions
differ for different landslide types, and therefore landslides should be classified into different types.
Temporal information is essential to estimate the frequency of landslides. Therefore we need to
know when they happened. Landslide inventories are also used to validate landslide susceptibility,
hazard and risk maps.

Landslides are generally isolated, rather small but frequent occurring events. This means they are
visible for some time but quickly become difficult to recognize. Fresh landslide scarps become
overgrown by vegetation within a few years after they happen. Signs of landslides become difficult to

Page | 67



interpret from images. On the other hand major triggering events such as tropical storms might
cause many landslides at the same time, and then it is important to rapidly map the landslides
triggered by that event so that we can link the temporal probability of the triggering rainfall to the
spatial probability of landslide occurrence.

The generation of landslide inventories and a landslide database that covers a certain period of time
is a tedious procedure. The methods that are considered useful for the generation of landslide
inventory maps can be classified into the following main groups:

e Image interpretation
(Semi) automatic classification
0 Based on spectral information
0 Based on altitude information
e Field investigation
e Community reporting
e Archive studies
e Dating methods
e Monitoring networks
Often there is no single agency that has the responsibility for maintaining a landslide database. This is

one of the major problems in the 4 target countries. No agency feels responsible to collect landslide
locations and dates, and keep a database up-to-date. This is the case both for mapping landslides in
the rural areas, as well as for collection landslide data along the road network. Only very limited
landslide data could be obtained from the Ministries of Public works and transport, although there
seems to be a growing awareness of the importance of collecting such information, and some of the
recent events have been described in reports.

That is why all landslide inventories have been generated by consultants, organizations and
individuals from outside the islands, with the exception of the 2010 Hurricane Tomas landslide
inventory in Saint Lucia which was made by Adriana Abrahams and Rebecca Rock.

For collecting landslide information in the four islands the following approaches are considered most
useful:

e Image interpretation from high resolution satellite imagery;

e Collection of landslide data in the field by different agencies, e.g. road engineers, forestry
staff etc.

e To communicate to the public those landslide occurrences should be reported to the
National Emergency management organization.

e Toinvolve the District Disaster Committees in the reporting of landslide events.

The National Emergency Management Organization seems also the most appropriate one to store
the landslide data in an incident database, including the location information in a simple GIS and
maintain it.

For the acquisition of satellite images and the expertise for landslide inventory mapping the
countries will remain dependent on outside support. But the maintenance of a national landslide
database should be the taken up by a national agency.
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4.4.1. Method followed for collection of landslide inventories
Within this project we have collected the available landslide inventories. But, as these were in most
cases not sufficiently, reliable or available, we also decided to collect landslide inventories ourselves.
This was done using image interpretation and field work.

Image interpretation can be defined as the study of the imaged objects of the earth surface, the
extraction of those features relevant to the object of study, the analysis of the selected features with
the objective to come to a deduction of their significance for the specific field of study.

Stereoscopic image interpretation is important tools to recognize and map landslides. The
interpretation of images is an empirical and subjective process. It is a systematic scanning of a stereo
model assisted by logical and scientific evidences. Stereo image interpretation (API) is an art as much
of a science, and it requires well trained, experienced investigators.

After hearing that the British Geological Survey, as part of a project between the World Bank and the
European Space Agency, would also be involved in landslide inventory mapping, we decided to divide
the work, and asked the BGS to carry out landslide image interpretation for Saint Lucia and Grenada,
while we did it for Saint Vincent and Dominica.

We obtained through the EU FP7 Copernicus project INCREO (http://www.increo-fp7.eu/) the
possibility to order very high resolution satellite images (Pleiades images, with 0.5 m spatial

resolution for panchromatic and 2 m multi-spectral) for the four island countries (See Table 4.9). We
received the images that were obtained in the first months of 2014. In December 2013, several of the
islands were hit by a high intensity rainfall event (the so-called Christmas-eve trough). This allowed
us to map the landslides caused by this event.

For the interpretation the following simple procedure was proposed: mapping the landslides as
polygons, separating between scarp and body, assigning a unique identifier to each landslide and
describe each landslide with a number of attributes. This is illustrated in Figure 4.9 and Figure 4.10.

Landslide inventories were checked in the field during a fieldwork period of 3 weeks in September-
October 2014. During the fieldwork several of the features that were identified through image
interpretation as potential landslides, were actual bare field or other features. As the stereo-image
interpretation focused not only on the absence of vegetation in potential landslide areas, but more
on the morphological characteristics of old landslides, many more landslides were interpreted than
the ones caused by the 2013 Christmas eve event. However, for these older ones, it was difficult to
establish the age. During the fieldwork we also obtained some additional satellite images that still
need to be interpreted in the coming period.
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Table 4.9: Available satellite images for the four island countries

Country Satellite Date Type Columns, Rows
Dominica Downloaded from Various covering the Colour image 35120, 63354
google Earth island, but all with
very high resolution
Digital Globe 13 FEB 2014 Cloud cover 3.6 % pixel size 2 6983, 30999
meters
Pleiades 2014 03 08 0.5 meter panchromatic 43814, 80743
2 meter multispectral. Covers
North west part of the island
Pleiades 20140117 0.5 meter panchromatic 7009, 18049
2 meter multispectral. Covers
middle part of the island
Pleiades 2014 03 08 0.5 meter panchromatic 10921, 20183
2 meter multispectral. Covers
Northwest part of the island
Pleiades 20140117 0.5 meter panchromatic 47246, 101040
2 meter multispectral. Covers east
part of the island
Saint Lucia Pleiades 2014 02 25 0.5 meter panchromatic 10676, 23943
2 meter multispectral. Covers
whole island, except extreme west
coast
Pleiades 20121120 0.5 meter panchromatic 41149, 42418
2 meter multispectral. Covers
south part of the island
Saint Vincent Pleiades 201402 23 0.5 meter panchromatic 12507, 16250
2 meter multispectral. Covers
whole island
Grenada Digital Globe 2010 1 meter, only of SE part 16384, 15700
lkonos 2004 1 meter, Only of the SE part. Entire 8269, 5797
island except SE corner
Pleiades 2013 08 06 0.5 meter panchromatic 45354, 65909
About 5 % clouds 2 meter multispectral. Entire island
except SE corner
Pleiades 20131117 0.5 meter panchromatic 49947, 48707

2 meter multispectral. SE corner of
the island

Figure 4.9: Example of a stereo image for Saint Vincent, displayed as anaglyph image. Use red-green glasses for

stereo viewing.
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Figure 4.10: The procedure followed for stereo-image interpretation.

During the fieldwork also specific emphasis was given to the collection of landslide inventories along
the road network. For this purpose landslide data was collected through the following means:

e Image interpretation of landslides along roads, and subdivision of roads into segments with
different characteristics in terms of cut slopes, upslope and downslope terrain, and geology.

e Inthe countries fieldtrips were carried out together with the road engineers in order to know
the locations where landslides have occurred in the past;

e Road maintenance records were collected from which information related to the number,
data and volume of landslides was extracted for a number of triggering events.

e The road segments identified through image interpretation were checked in the field, and
additional information on road characteristics was obtained. Some of the countries had road
databases, with information on each road section. However, they were not geo-located and
this proved to be a difficult work.

e Finally also reports related to landslide studies along the roads were collected. This was
specifically successful for Saint Lucia, where recently a large study was completed by a
consultant (Mott Macdonald).
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Figure 4.11: The procedure followed for collection of road-related landslide data.

4.4.2. Available landslide inventories
With the method described above a number of inventories were generated, next to the inventories
that were obtained from previous studies and from the parallel BGS landslide inventory project. The
number of available landslide inventories differs very much from island to island. For Saint Lucia a
large number of inventories were obtained, whereas for Saint Vincent and Grenada we were less
successful.

Dominica

For Dominica there are only a limited number of landslide inventories available (See Table 4.10). The
base line study, as in most of the countries is the work carried out by J. DeGraff from the US Forest
Survey for the OAS in the late 1980’s. He carried out detailed image interpretation of landslides using
the available black and white aerial photographs. He differentiated between landslide types. | the
mapping by DeGraff was not related to a specific triggering event.

Later on under a USAID programme, a multi-hazard assessment was carried out for Dominica in
2006. This included a landslide susceptibility assessment, which also incorporated a limited data
collection for new landslides. However, these were concentrated mostly along the roads, and do not
cover a specific triggering event. The maps generated by this project still hang on the wall of the
Physical Planning Office, but the planners indicated that the detail of these maps is not high enough
to use them in the planning processes.
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We carried out a landslide inventory mapping for Dominica with two MSc students. They did a digital
stereo image interpretation of a very high resolution Pleiades image from 2014, and carried out a
field work of 1.5 weeks in Dominica. During this fieldwork they also worked together with the road
engineers from the department of works, and with staff from the department of Physical Planning, to
map the location of known landslides.

We also obtained a road database from the department of works, which describes the roads
segments in terms of road conditions, number of bridges and culvert, drainage, road cuts etc.
Unfortunately this database has no spatial connection, and the segments of the roads are from one
junction to the next. Work is needed to geo-locate these segments and generate a road segment
map.

From the department of works also a number of reports were obtained with information of damage
caused by several triggering events in the past five years. Unfortunately no information was available
for earlier events.

If we compare the available inventories with the list of triggering events shown in Table 4.4 we can
conclude that it will be difficult to link one of the inventories to a major triggering event, such as
hurricane. Detailed landslide information for the latest hurricanes (e.g. Dean in 2007, Lenny in 1999,
David in 1979) is not available. Therefore we might not be able to apply the proposed method for the
conversion of susceptibility maps into hazard maps due to the lack of sufficient event-based landslide
inventories.

Table 4.10: Landslide inventories for Dominica.

Year Author Characteristics

1987 DeGraff For OAS. The report presents maps of landslides detected through interpretation of
1:15000 scales black and white aerial photography taken before 1987 combined with
field study in selected areas... Inventory contains type classification.

1990 DeGraff He made an update of the landslide inventory map a few years later, and added a
number of landslides to the existing inventory. This is not available in digital form yet.

2006 CIPA Under the UASAID COTS programme a multi-hazard assessment was done for

USAID Dominica. This included a landslide hazard map. Limited fieldwork was carried out

and only landslides along the main roads were added.

2014 ITC Landslide inventory based on image interpretation of very high resolution Pleiades
images from 2014, and fieldwork.

2009 ITC Landslide along road network caused by a triggering event in September 2009

2011 ITC Landslide along road network caused by a triggering event in November 2011

2013 ITC Landslide along road network caused by a triggering event in April 2013

We carried out an extensive interpretation of landslides using different sets of satellite images, and
also using historical imagery from Google Earth Pro. We were able to map a large number of
landslides, many more than in any of the previous inventories. We incorporated in our inventory also
the landslides from the previous inventories and made a complete classification for all landslides.
Also the mapping of coastal landslides was carried out. The resulting map is shown in figure 4.13.
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Figure 4.12: Landslide inventories that are available for Dominica. Above: Landslide inventory made by De Graff
in 1987 and the landslide inventory made through this project in 2014. Below: reporte4d number of landslides

for three recent triggering events based on data from the Ministry of works. No location information was
available.
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Figure 4.13: Final landslide inventory map generated through extensive image interpretation for Dominica. The

Number of

Area (hectares) |landslides

DebrisFlow 413 663
DebrisSlide 415 1103
EarthFlow 2 1]
Rockfall_Rockslide 63 89
RockSlide 60 118
Coastal_Cliff 105 48
Quarry 81 35
Debris_Avalanche 39 76
RoadCutwithSlidePotential 9 3
Flashflood_Debrisflow 48 1
Deepseated_RockSlide 53

; 1288 2144

map incorporates the limited previous inventories. The database contains landslide types for all landslides, and

includes coastal landslides. Also debrisflow channels were mapped.
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Saint Lucia

For Saint Lucia a large number of landslide inventories are available. Table 4.11 gives a list of the
landslide inventories that we were able to collect. It is not clear whether Saint Lucia has much higher
landslide problems than the other islands, has been unfortunate to be hit be major triggering events
in the past decades or whether it is favoured by donors for funding landslide studies.

Table 4.11: Available landslide inventories for Saint Lucia

Year | Author Characteristics

1985 DeGraff For OAS. The report presents maps of landslides detected through interpretation of
1:15000 scale black and white aerial photography taken in 1977 and 1981 combined
with field study in selected areas.

1995 C. Rogers Post Tropical storm Debby landslide hazard assessment study

1998 Hunting Technical Watershed and Environmental Management Plan Phase Il Final Report. Proposed by
Services and Mott the World Bank following Tropical Storm Debbie.
MacDonald Based on daily rainfall a study was done between rainfall intensity and landslide

occurrences. There was poor correlation between the estimated intensity and
landslide density, attributed to a bias landslide inventory and limitations in the use of
maximum daily rainfall as an estimate of landslide intensity

2006 MoSSaiC. Anderson et al Project done for the World Bank. Strangely enough no one we spoke seemed to know
this project... MoSSaiC, Management of Slope Stability in Communities, was a
government led, World Bank funded project that used a community-based and
scientific approach for delivering landslide hazard reduction measures in five
vulnerable communities. Results were documented in academic journal articles and
in a new book recently published in January 2013

2006 CDB/CDERA Landslide Hazard Maps for St. Lucia and Grenada. CDB/CDERA. Landslide
susceptibility assessment using the following factors:

e  Slope —the steepness of the hill slope, expressed as a percentage

e  Slope Aspect — the orientation of the hill slope to the prevailing winds

e  Elevation — used as a surrogate for the influence of rainfall intensity

e  Geology — the underlying bedrock units from geologic surveys

e Soils — soil mapping units from soil surveys
The maps are not included in the copy of the report available online and have not
been found with local departments.

2012 P. Quinn and Alex Strouth | They collected landslide information along the national road network. He also
for BGC generated a landslide susceptibility map on a national scale based on the inventory
used in the CDB/CDERA study

2014 Mott MacDonald An extensive study was carried out regarding landslides along the primary road
network of Saint Lucia. This consist of a feasibility study, which characterizes the road
network according to the landslide frequency during various triggering events, and a
site investigation study where a detailed analysis is done for a number of test sites.
This study is by far the most extensive one available for the 4 islands.

2014 British Geological Survey Landslide inventory mapping was carried out for Saint Lucia, based on very high
resolution satellite data as part of a World Bank — ESA collaborative project. For Saint
Lucia images were obtained for each year from 2010 — 2014. Around 1250 landslides
caused by hurricane Tomas are mapped, and the reduction in activity over the years
is shown, as well as the reactivation by the 2013 Christmas Eve trough.
Unfortunately the landslides were mostly not classified in different types.

Figures 4.14and 4.15 give examples of the landslide inventories that are available. For road related
landslide the recent work carried out by Mott MacDonald can be considered the baseline study. For
the island wide landslide inventory the work carried out by BGS in 2014 is also such a baseline study.

We therefore can use these inventories that are linked to major triggering events in our method to
convert susceptibility maps into hazard maps. It is important here that we have landslide for different
major event, such as the Hurricane Tomas (2010), Debby (1994) and the 2013 Christmas Eve trough.
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Figure 4.14: Left: Landslide assessment by Huntington and Mott Macdonald in 1998. Right: Landslide risk study
along the national road network by Mott Macdonald in 2014.
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Figure 4.15: Landslide inventory maps for Saint Lucia. 1995: Cassandra Rogers, 2010: Abrahams & Rock map of
hurricane Tomas landslides, 2011: Hurricane Tomas landslide inventory mapping by BGS, 2012 — 2014: Annual

landslide inventory maps by BGS.

Given the large number of available inventories we didn’t make a new inventory for Saint Lucia.
However, we discovered fairly large discrepancies between the inventories mapped by BGS , MMD
and Abrhams for the 2010 situation. Also many of the landslides were not classified in types.
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Saint Vincent

For Saint Vincent we only found the landslide inventory made by De Graff (1988), with 475 landslides
(See Figure 4.16). We also obtained a list of events, including landslide events based on the analysis
of historical newspaper records.

Therefore we decided also to generate a new landslide inventory based on digital stereo image
interpretation of a very high resolution Pleiades image from 2014. However, as there has not been a
recent major landslide triggering event in the past years, it was difficult to map out recent landslides.
We were able to differentiate the landslides caused by the 2013 Christmas Eve trough. This event
caused many damage related to flood events, but we also found several locations with landslide and
debris flow problems. The map below indicates the preliminary map. The final map will have fewer
landslides as it was found in the field that many of the image-interpreted landslides did not have
sufficient field evidence.

Unfortunately we do not have sufficient event-based landslide inventory maps of different triggering
events (e.g. Hurricane Iva in 2004) to be able to use the proposed method for converting the
susceptibility map into a hazard map. We also have only limited information on landslides along the
road network to be able to make a quantitative analysis.

We carried out an extensive interpretation of landslides using different sets of satellite images, and
also using historical imagery from Google Earth Pro. We were able to map a large number of
landslides, many more than in any of the previous inventories. We incorporated in our inventory also
the landslides from the previous inventories and made a complete classification for all landslides. The
resulting map is shown in figure 4.17.

1988 (DeGraff)
-'.{J I

Figure 4.16: Landslide inventory maps for Saint Vincent. Left: the map generated by De Graff in 1988. Right:
preliminary map made through this project.
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Number of
Area (hectares) |landslides

Debris_Flow 218| 1011
Debris_Slide 117 383
Deep_seated_Rockslide 14 60,
Rockslide 42 100

Shallow_landslide 13 61
Stream_Flood_DebrisFlow 263 17
667

Figure 4.17: Final landslide inventory map generated through extensive image interpretation for Saint Vincent.
The map incorporates all previous inventories. The database contains landslide types for all landslides, and
includes the landslides mapped by DeGRaff in 1988. Also debrisflow channels were mapped. Apart from the
landslides mapped from satellite images also a separate datset was made of landslides mapped from the LIDAr
hillshading image.
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Grenada

For Grenada we have found only one landslide inventory map generated in the 2006 by CIPA/CDB.
The Caribbean Development Bank (CDB) through the Disaster Mitigation Facility for the Caribbean
(DMFC), and the Caribbean Disaster Emergency Response Management Agency (CDERA) through the
Caribbean Hazard Mitigation Capacity Building Program (CHAMP), have collaborated on a multi-
phased project to support the development of national hazard mitigation plans in Grenada in 2006.
No image interpretation was carried out for this study. Field reconnaissance along the roads was
carried out for five days in early September of 2005. This was within one year after the occurrence of
Hurricane lvan in 2004. However, they collected two hundred and forty five (245) landslide points for
Grenada. The inventory is shown in Figure 4.18.

In 2014 the British Geological Survey carried out a landslide inventory mapping based on image
interpretation of very high resolution satellite images from 2010 to 2014. Unfortunately they
indicated that they could not map any existing landslides. Their landslide inventory contains only 1
landslide.

No one seems to have mapped landslides caused by Hurricane Ivan based on image interpretation.

We have tried to get satellite images pre- and post-lvan from the government agencies, but these
only cover a part of the island. We also obtained some landslide locations from the engineers of the
ministry of works. We are planning to carry out extensive image interpretation for landslide mapping
in Grenada.

We carried out an extensive interpretation of landslides using different sets of satellite images, and
also using historical imagery from Google Earth Pro. We were able to map a large number of
landslides, many more than in any of the previous inventories. We incorporated in our inventory also
the landslides from the previous inventories and made a complete classification for all landslides. The
resulting map is shown in figure 4.19.

2006 (CIPA/CDB) 2006 (CIPA/CDB)

Inventory Susceptibility

Figure 4.18: Landslide inventory maps for Grenada Left: the map generated by CIPA in 2006. Right: landslide
susceptibility map made by CIPA in 2006.
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Number of
Area (hectares) [landslid

Creep 5 7
Debris_avalanche 153] 307
Debris_slide 121] 364
Debrisflow 2 8
Rockfall 6 14
Rockslide 3 3]
Rotational_Slide 24 80
Stream_Flood_DebrisFlow 70 4
Subsidence 1] 2
Coastal_cliff 33|

418

Figure 4.19: Final landslide inventory map generated through extensive image interpretation for Grenada. The
map incorporates the limited previous inventories. The database contains landslide types for all landslides, and
includes the landslides mapped by GRN in 2006. The landslides triggered by Hurricane Ivan are also included.
Also debrisflow channels were mapped. Apart from the landslides mapped from satellite images also a separate
datset was made of landslides mapped from the LIDAr hillshading image.
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Table 5.12: Summary of available landslide inventories

Country | Author | Captures event? | Completeness Classification
Saint Lucia
1985 DeGraff Tropical Depression (1984)? complete Basic
And Hurricane Allen (1980)
1995 Rogers Tropical Storm Debby 712 points Not complete Yes
(1994)
2010 Abrahams Hurricane Thomas 392 points None
and Rock
2011 BGS Hurricane Thomas ? complete Complete ?
2012 BGS None ? complete Complete ?
2013 BGS None ? complete Complete ?
2014 BGS December 2013 storm ? complete Complete ?
Dominica
1987 DeGraff Nov. 1986 storm, Hurricane | 800 Polygons | Covers entire island Yes: Debrisflow
Klaus (1984) Debris slide
Rockfall
Rockslide
1990 DeGraff Hurricane Gilbert (1988) Not digitized Covers entire island. Basic
and Hurricane Hugo (1989) But is not digital
Sep 2009 ITC Sep 2009 Roads only None
Nov 2011 ITC Nov 2011 Roads only None
Apr 2013 ITC Apr 2013 Roads only None
2014 ITC Dec 2013 1086 Polygons | Whole island Yes
Saint Vincent
1988 DeGraff Emily (1987) and Daniel 500 points Seems complete Partly
(1986) combined
2014 ITC December 2013 2364 points Difficult to map recent | Partly
landslides
Grenada
2006 CIPA/CDB Hurricane lvan (2004) and 146 points Roads only None
tropical storm (2005)
2014 BGS There is no recent event ? No recent landslides Complete ?

related to this inventory

mapped
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4.5. Landslide conditioning factors

For the landslide susceptibility assessment at scale 1:25,000 - 1:50.000 the factors that are
considered to contribute to landslide occurrence have also been collected. These may differ from
area to area, but the most important ones are:

e Topographic layers:
0 Digital Elevation Model
0 Altitude zones.
0 Slope steepness
0 Slope aspect
e Drainage related factors
0 Eroding sections of main rivers
0 Closeness to eroding streams
0 Distance from stream initiation
e Geological layers
0 Lithological map
0 Faults and lineaments map
e Soil types
0 Soil type map
e Land cover related layers
0 Land cover (existing)
0 Land cover (previous period)
0 Land cover changes
0 Road cuts

Not all these data layers are equally important, and they also vary a lot for area to area. However,
based on the experience of landslides in the Caribbean and the availability of information the list
indicated in table 6.1 can be used as guideline.

Soils and Land cover are determinant for susceptibility assessment. In tropical environments (and in
the special volcanic environments) soil layers are very different in their stability characteristics.
Landslides have occurred on these soil layers due to their different composition and degree of
weathering.

From the methodological point of view is important to consider the relevant intrinsic characteristics
relevant for the development of landslides. On the other hand, for the practical application in the
generation of national scale landslide hazard maps for the fours island, we need to take into account
the data availability and the data quality as well. Therefore, table 4.13 gives an overview of the
available data for the four countries and also indicates the quality in green (good) and yellow (lees
good).
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Table 4.13: Overview of input maps for landslide susceptibility assessment, with indication of their quality of the

data for the islands in green (good), yellow (less good), and orange (not available).

Group Factor Availability and quality of the data in the 4 island countries.
Dominica Saint Lucia Saint Vincent Grenada
Digital Elevation Model Poor. Available | Moderate. Good, except Good, LIDAR
contour lines Available for upper part | derived, and
have been contour lines | of the island, also contour
g smoothed have where we had | lines for
‘g quite a bit. problems. to fill it with an | missing part
© ASTER GDEM
S Altitude zones Good Good Good Good
%‘; Slope steepness Moderate Moderate Good Good
§- Slope aspect Good Good Good Good
= Upslope contributing areas Poor Moderate Good Good
Eroding sections of mains Some Some Good, but More or less
g rivers problems with | problems incomplete in OK, although
*g fitting of with fitting of | the upper part | some
° drainage to drainage to of the islands problems with
@ DEM DEM fitting to DEM
© Distance from stream Can be Can be Can be Can be
e initiation generated generated generated generated
” Lithological map Too generalto | Too general Too general to | Too general to
§ be of much to be of be of much be of much
f_é use for much use for | use for use for
s landslide work | landslide landslide work | landslide work
0 work
é Fault map Not available Not available | Not available yes
© Geomorphological map Not available Not available | Not available yes
Soil type map Detailed map. | No clear No clear Unclear
Extensive relation with | relation with legend. No
legend. No topography topography clear relation
° clear relation and lithology | and lithology with
g with topography
= topography and lithology
e and lithology
Land cover existing From BGR From BGR Latest one From BGR
@ from 2005
g Poor quality
8 Land cover (earlier) Two maps, not | Unclear what | 2000 1982
§ clear what the date is 2000
S date. General. 2009
-(% Road cuts Moderate Good Good Moderate
-

The data collection and compilation for the four countries is now nearly complete. Data was obtained

in many different formats, and several different projections, from many different persons and

organizations in the countries. All the data was transformed to UTM WGS84 projection, and is now

available as shape files, GeoTIFF, and in ILWIS format. When the missing data from the BGS will be

incorporated we can start with the actual susceptibility assessment.
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4.6. Landslide susceptibility assessment

Overviews and classification of methods for landslide initiation susceptibility assessment can be
found in Soeters and Van Westen (1996), Carrara et al. (1999), Guzzetti et al. (1999), Aleotti and
Chowdury (1999), Dai et al. (2002), Cascini et al. (2005), Chacon et al. (2006), Fell et al. (2008), Cascini
(2008) and Dai et al (2008). The selection of the optimal method depends on the size of the study
area, the amount of available data, the scale of analysis and the experience of the susceptibility
analysts, as indicated in chapter 1.

Figure 4.20 gives an overview of the available methods. For the landslide susceptibility project in the
Caribbean island at a national level, we would like to use input data ranging in scale between
1:25,000 and 1:50.000, and raster maps with a pixel size of 5 meters.

Probabilistic methods
|
!nvel-rl‘i;?;:’icb:fix Z?es | Input I_’ «  Parameter uncertainty
) . + Temporal probability
* Multi-temporal images With event-based +  Size/volume probability
7| inventories «  Runout probability

—— I & t
@“E \?aliiltlitation || Validation | |Best link |
v 1 l [

Knowledge driven/Heuristic Data driven: Physically-based models
Direct Mapping *  Bivariate statistics - Static methods
— Geomorphological hazard —  Weights of evidence + Infinite slope based
maps — Information value . Profile based
Indirect Mapping —  Frequency ratio » Dynamic methods
— Boolean Logic *  Multi-variate statistics . Initiation models
—  Fuzzy logic — Logistic regression - Groundwater
— Multiclass overlay —  Discriminant analysis - Seismic acceleration
— Spatial multi criteria —  Cluster analysis - Runout models
B »  Artificial Neural Networks - 2-Dimensional
- 3-Dimensional

Qualitative methods Quantitative methods

Figure 4.20: General classification of methods that can be used for landslide susceptibility
assessment. In this case we suggest using a combination between Knowledge driven and data driven
methods for initiation susceptibility assessment.

For the three scales of analysis different landslide susceptibility methods are proposed:

e National scale (1:25.000 — 1:50.000)
Detailed inventories. Combination of statistical methods with Spatial Multi-Criteria
Evaluation. Separate for road network.
Methods: Weights-of-Evidence, FLOW-R, SMCE

e Local scale (1:10.000)
Detailed mapping. Soil mapping. Simple physically based modelling approach, with
hydrological component and infinite slope modelling component (e.g. TRIGGRS, STARWARS-
PROBSTAT, RAMMS, FLO2D, DAN3D)

e Site investigation (>1: 5.000)
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Geotechnical assessment. Detailed slope stability analysis, run-out modeling. Site-specific
analysis using specific software (e.g. SlopeW, CHASM, Rockyfor3D, FLO2D, DAN3D) .

4.6.1. National scale susceptibility assessment

For this scale the use of physically-based modelling is not possible, as the parameterization of such
models is not feasible for such large areas, due to the absence of reliable soil thickness information.
Although there are soil maps available for most of the study areas, these are pedologic soil maps,
and not engineering soil map, and do not contain information on soil thickness distribution or on the
geotechnical and hydrological parameters required to carry out physically-based modelling. If we
would still apply physically-based modelling using software such as SINMAP, SHALSTAB, TRIGGRS or
STARWARS/PROBSTAT, this would be rather meaningless, as the slope angle distribution would
completely dominate the analysis in the absence of the relevant factor maps.

For a statistical approach we require a sufficiently large landslide dataset that is related to different
failure mechanisms, and contains different landslide types. Although the overall number of landslides
per country is reasonable, there is a very large difference between the 4 countries, and the landslide
inventories cover a large number of years, during which the causal factors might have changed (e.g.
land use/land cover).

One of the main difficulties is that the triggering rainfall distribution that caused the landslides in the
various landslide inventories is not known, as we do not have a sufficient amount of rainfall data to
model the rainfall distribution for the specific event. It may be that certain triggering events
produced much more rainfall in one part of the country, and if there are more landslides in the same
area, this will overrule the importance of the topographic, lithological and other factors. Also the
rainfall stations are mostly along the coast, and the variation of rainfall with elevation and
orientation is difficult to assess. For that we intend to further study the DOMEX results from
Dominica where a network of 10 rain gauges was used in a transect over the island. However, it is
guestionable whether the same relation could be applied to the other islands directly.

Another difficulty is that many of the earlier landslide inventories are not covering the entire country.
For many of the inventory it is difficult to find out what the exact method of mapping was, and which
criteria were used for the mapping. A number of inventories focus on landslide mapping along the
roads, due to the lack of suitable imagery or skill for image interpretation.

Since the majority of the existing landslides that have been mapped in the field are located along the
roads, the use of a statistical method would have resulted in a very large susceptibility along roads
and a low susceptibility elsewhere, as the factor “close to roads” would have dominated very much
over the other factors.

One major difficulty is when we would also include the scarps of the photo-interpreted landslides
into account in the statistical analysis; we do not know the relative age of these and therefore would
not use the current land use to correlate with the landslide occurrence. Land cover change as a factor
would probably be much better.
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For several countries we do not have sufficient event-based landslide inventories that relate to a
particular triggering event. For many areas the date information is still rather incomplete and needs
to be further improvement before it can be used in a temporal frequency analysis.

Given these considerations we propose the following approach, as illustrated in Figure 4.17 (black
lines):

e Landslide initiation assessment.
0 For landslides along the roads: based on road segments, combination of statistical
and expert-based methods
0 For landslide in the rest of the area: combination of statistical and expert-based
methods. Separation per main types of landslides.
e Landslide run-out assessment: regional scale empirical run-out modelling.
e Landslide susceptibility assessment: using combination of initiation and run-out.
e Landslide hazard assessment: characterize the susceptibility classes with landslide density
for specific return periods.

4.6.2. Landslide initiation assessment using statistical analysis

The best approach for landslide initiation susceptibility assessment at a scale of 1:25,000 - 1:50000 is
the use of statistical methods in combination with expert-based weighting approaches. Since we do
not have a very reliable landslide data set, we only used the landslides to check the statistical relation
with the factor maps, but generate the actual landslide initiation susceptibility map using Spatial
Multi-Criteria evaluation. A combination of statistical methods and expert-based methods should be
used, in which the emphasis is on either one of the two, depending on the knowledge of the
contributing factors, and the availability of sufficient landslide information.

When enough landslides are available in the landslide inventory, it is advisable to use bi-variate
statistical methods as exploratory tool to learn which contributing factors, or combinations of
contributing factors are important in the study area. There are several useful tools available that can
be used with a conventional GIS system, without the need of external statistical models. Some of
these tools are shown below. These methods basically calculate landslide densities within the
contributing factors, or the classes of the contributing factors, and then compare these with the
overall density in the map. Also in ArcMap there are extensions for making these calculations, such
as ARC-SDM (http://www.ige.unicamp.br/sdm/default e.htm)

Frequency ratio method Area of landslides in Class / Area of all Landslides

FR =
Area of Class / Entire map
Hazard Index method Area of landslides in Class / Area of Class
FR = LN
Area of all landslides in the map / Area of Entire map

Weights of evidence method - | P {B/|S}
i T l0g,——=—
P {Bi|S}
w; = log, %_*'ff
P {B|S}
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Landslide susceptibility assessment using statistical methods is considered attractive methods by
many researchers, as it is an objective method, which is also reproducible. This means that the same
results could be obtained if it was repeated by other persons. However, this is not really true, as the
method very heavily depends on the quality of the landslide inventory maps, and the contributing
factor maps. And even more so it depends on the knowledge of the person that carries out the
assessment. Such methods cannot be automated. They will also require a very substantial expert-
based input, in deciding which factors (or combinations of factors) contribute to the occurrence of
landslides.

Black box methodologies are very dangerous, and should be avoided. Expert-knowledge is essential,
and high quality input data is essential.

4.6.3. Landslide initiation assessment using SMCE

Spatial multi criteria evaluation is a technique that assists stakeholders in decision making with
respect to a particular goal (in this case a qualitative risk assessment). It is an ideal tool for
transparent decision making, using spatial criteria, which are combined and weighted with respect to
the overall goal. For implementing the analysis in the countries, the SMCE module of ILWIS will be
used. The input is a set of maps that are the spatial representation of the criteria, which are grouped,
standardized and weighted in a criteria tree. The theoretical background for the multi-criteria
evaluation is based on the Analytical Hierarchical Process (AHP) developed by Saaty (1980).

The input is a set of maps that are the spatial representation of the criteria, which are grouped,
standardised and weighted in a ‘criteria tree.” The output is one or more ‘composite index map(s),’
which indicates the realisation of the model implemented. See Figure 4.21

From a decision-making perspective, multi-criteria evaluation can be expressed in a matrix as shown
in the figure 4.21. The matrix A contains the criteria in one axis (C1 to Cn), and a list of possible
alternatives, from which a decision has to be taken on the other axis (A1l to Am). Each cell in the
matrix (aij) indicates the performance of a particular alternative in terms of a particular criterion. The
value of each cell in the matrix is composed of the multiplication of the standardised value (between
0 and 1) of the criterion for the particular alternative, multiplied by the weight (W1 to Wn) related to
the criterion. Once the matrix has been filled, the final value can be obtained by adding up all cell
values of the different criteria for the particular alternative (e.g. all to aln for alternative Al).

For implementing this matrix according to the AHP, three principles steps need to be considered. The
first one decomposes the problem (and the weights) into a hierarchical structure. The second one
considers the weighting process, employing the pairwise comparisons of the criteria, and the
synthesis is related to the multiplications among the hierarchical levels. Additionally, in the spatial
implementation of this procedure, every criterion (Cj) becomes a raster layer, and every pixel (or set
of pixels) of the final composite index map eventually becomes an alternative Aj. The goal (risk index)
has been decomposed into criteria levels CL1 and CL2. The intermediate levels are often indicated as
sub-goals or objectives (e.g. in level 1, the sub-goals are a ‘hazard index’ and a ‘vulnerability index’).
Each criterion of each level will also have an assigned weight. Therefore, the values for the layers of
the intermediate levels are obtained through the summation of the performance for the alternative
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at lower levels. As the criteria consist of raster maps, their spatial performance (aij) and the
alternative (Ai) will be identified for particular raster cells.

Sub-goals
C, C C, C :
W Ee I l"'J Level 1 Level 2 a
L1 s Wy V. ’ . ._.C i g
p—r 1 w — Cli 2 1 ¥y
Goal - CL wht, [ CHwes, TC,w, \
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W. weight
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'U U .)II m. number of alternatives

L e 0 n: number of critena A
a_ performance of an alternative i Composite index map m
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Figure 4.21: Schematic procedure for spatial multi-criteria evaluation based on the analytical hierarchical
process

The composite risk index map is obtained by an assessment rule (sometimes also called decision
rule), which is calculated by adding up the performance of all cell values of the different criteria (aij)
for the particular alternative. However, the performance of every element in the matrix (aij) is
obtained in a different way (See equation in Figure 4.21).

In this equation, vij refers to the standardised value of criterion (Cj) for alternative (Ai), and weight
wlj refers to the weight of criterion (Cj) for level L (0-h levels). During the analysis, it could be
desirable (and sometimes necessary for a better definition of the weights wLj) to produce the
intermediate criteria maps.

General steps in the process are:

e Definition of the problem. Structuring of the problem into a criteria tree, with several
branches or groups, and a number of factors and/or constraints.

e Standardization of the factors. All factors may be in different format (nominal, ordinal,
interval etc.) and should be normalized to a range of 0-1. SMCE has some very handy tools
for that especially for value data, making use of different transformation graphs.

e Weighting of the factors within one group. SMCE has some very handy tools for that derived
from Analytical Hierarchical Processing (AHP), such as pair wise comparison and rank
ordering. The weights that are derived from the statistical analysis are used as the basis for
the weighting. However, users can deviate from that based on their expert opinion.

e Weighting of the groups, in order to come to an overall weight value.

e Classification of the results.

An example of a possible criteria tree is shown in Figure 4.22. The actual criteria trees that we will
use for the 4 countries will be different, as the selection of factors will be different per country, and
also the standardization and weights will be different. We will also generate different criteria trees
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for different types of landslides, e.g. for shallow flow slides, rock falls and deep seated landslides
separate criteria trees are made with different factors and weights, and the resulting maps will be
combined.

Criteria Tree

$# susceptibility_map -- ExpVal

- E4f 0.07 Geology -- Std:Maximum

Et;' 0.07 Landuse -- 5td:Goal(0.000,10.000)

=-[Z3 0.36 Distance_from_roads -- ExpVal

B’ 0.75 All_roads_dist -- Std:Goal(0.000,150.000)

H-E1 0.25 Individual_roads_dist -- ExpVal

=-[Z3 0.16 Distance_from_river -- ExpVal

EbeD.TS Distance_from_Eroding_main_river -- Std:Goal(0,000,200,000)

Figure 4.22: Example of a criteria tree used for landslide initiation assessment.

It is very important to state here that this method doesn’t propose to come to a fixed number of
contributing factors or to fixed weights that should be used. In each map sheet the experts that does
the analysis should decide what the main contributing factors are, what their relative importance is,
and assign the weights.

The method is transparent, as the stakeholders (e.g. the engineers and planners from the four
countries) and other consultants can consult the criteria trees and evaluate the standardization and
weights, and make adjustments.

We intend to classify the landslide initiation susceptibility maps into 3 — 5 classes (high, moderate
and low). Figure 4.23 shows an example of the resulting susceptibility map for another study area in
a tropical country (Vietnam) that we generated recently.

In the final susceptibility map also the historical landslides should be included, as these are the
locations where landslides have actually occurred.

We intend to make different landslide susceptibilities for different landslide types, as they might be
related to different combinations of causal factors. For instance: different susceptibility map for
debris flows, deep seated landslides, and rock falls. We can also differentiate the initiation and
accumulation susceptibility. If we do that the susceptibility classes would have a code indicating the
type of landslide, and the erosion/accumulation part.
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Landslide initiation
susceptibility map

Landslide run-out
susceptibility map

Combined landslide
susceptibility map

Figure 4.23: Example of an initiation susceptibility map (Above), landslide run-out map (Middle) and combined
susceptibility map (Below) for another test site in a tropical environment (Vietnam).The run-out areas are
smaller than the initiation areas, as they are concentrated along the valleys.
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4.6.4. Landslide run-out assessment
After generating the initiation susceptibility map, and classifying it into a number of classes, we will
extract the high susceptible areas, and used these in a regional scale run-out model (Flow-R
developed by the University of Lausanne). The national scale run-out modelling will be carried out
using Flow-R (Horton et al., 2013), a modelling software that uses a GIS empirical distribution model
to probabilistically estimate the flow path and run-out extent of gravitational mass movements at
regional scales.

Flow-R (Flow path assessment of gravitational hazards at a Regional scale) is a distributed empirical
model for regional susceptibility assessments of debris flows, developed at the University of
Lausanne. It was successfully applied to different case studies in various countries. Flow-R first
requires the identification of source areas before the actual run-out can be modelled. Two
parameters are required to model the run-outs for each return period in the Flow-R model: (1) the
minimum travel angle and (2) the maximum velocity. These two parameters can be estimated based
on literature review or back calibrated based detailed run-out models. We aim to use different travel
angles and maximum stopping velocity for different return periods, assuming that larger triggering
events will result in larger landslides with longer travel angles.

The software calculates probably flowpaths from source points based on energy line calculations.
The energy calculation is illustrated by the below example. Initially the potential energy is converted
into kinetic energy, and the most likely flowpaths are determined, until the runout reaches a certain
distance where the line between the starting points and the end point is characterised by the reach
angle, related to the H/L ratio, and the process stops. The method doesn’t require source volumes, or
rheological parameters. It also doesn’t consider entrainment. It can calculate the flowpaths from
many different source zones at the same time. This makes the model suitable for use at a regional to
medium scale. The results are indicative, but previous work has shown that the calculated distances
correlate well with more detailed run-out models. The model can also be applied for different types
of movement, e.g. debrisflows, flowslides, and rockfall, by varying the reach angles.

Figure 4.24: Principle of the energy calculation in the FLOW-R software. At the start (a), a source has a certain
energy potential. Then during the spreading, a part of this energy is dissipated according to the chosen
algorithm (b). The limit of kinetic energy intervenes, if it is activated, from a certain energy threshold (c). The
flow stops when the energy becomes zero (d)..
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Figure 4.25: Openings screen and input screen of the Flow-R software for regional scale run-out modelling

The result of the Flow-R model is two maps:
(1) a map showing the run-out probability for each pixel in the map;
(2) akinetic energy map

Generally the first map is used and is classified into 3-5 classes.

4.6.5. Landslide susceptibility assessment along the road
As mentioned earlier, a separate susceptibility assessment is carried out for the road network, based
on the road segmentation and characterization of the road segments with respect to landslide
occurrence and road characteristics, like cut slopes, closeness to rivers, geology etc.

Based on the landslide inventory and the fieldwork, the road network is subdivided into
homogenous road segments, with variable length using the following attributes: landslide
occurrence, lithology, soil type, road side slope and height, drainage pattern (from above the road,
along the road and below the road), land cover above the road and earthwork type(cut or fill). The
lithology and soil type will be extracted from available geology maps and soil maps respectively
together with field verification. These attributes were used by other authors for similar studies and
they are proved to be significant factors for road related landslides (e.g., Anbalagan, 1992; Budetta,
2004; Das et al., 2010). Most emphasis will be given to the characterization of cut slopes (cut slope
height, slope and length) and fill areas.

The landslide database and the road segment database will be digitized in GIS and will be the input
for the landslide susceptibility and hazard assessment.

For assessing the landslide susceptibility statistical analysis will be used with road segments as
mapping units, landslide frequency per unit length as dependent variable and the various terrain and
material factors mentioned above as independent variables. Also Spatial Multi- Criteria analysis will
be used to derive the final classification. This technique was used by Jaiswal et al., 2010 for a similar
study.
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4.6.6. Final Susceptibility map
The final susceptibility map will be made by combining the individual maps: the initiation
susceptibility map and the run-out susceptibility map. This combination could be done using a two
dimensional table:

Initiation susceptibility
Run-out low Moderate
susceptibility Low Low Moderate
Moderate Moderate Moderate

High

Also the road susceptibility will be included in the final map. The final susceptibility map can be
overlain with the parishes and enumeration districts to calculate the area and the percentage of high,
moderate and low susceptibility per administrative unit. This information can be used to display as
bar charts or table next to the map.

It is also possible to overlay the final susceptibility map with the buildings, roads, and agricultural
fields and calculated the number, length or area per administrative unit, exposed to high, moderate
and low susceptibility.

In order to avoid that the final susceptibility map has a large number of individual pixels with
different susceptibility levels, it is advisable to apply a majority filter to the susceptibility map for a
few times. The majority filter select for a group of 3 by 3 cells, the majority of the classes in the 9
cells and assigns this to the central cell. When this is done a few times isolated pixels with different
susceptibility classes than the surroundings are removed.

Generation of a susceptibility map is an iterative process. It needs to be done in several stages:

e Generate an initial map

e Compare the results with the existing landslide pattern

e If there are sufficient landslides, generate a success rate curve

e Analyse where the resulting susceptibility map shows anomalies, and which contributing
factors might be responsible for that.

e Adjust either the number of contributing factors, or combine some of the factors to make
them more focused, or adjust the weighting of the contributing factors;

e Generate a new version of the susceptibility map

e Repeat the procedure

4.6.7. Validation of the final susceptibility map

Once the landslide susceptibility maps are generated they will be validated. There are several ways to
validate the results:

e The simplest way of validation is to analyse the susceptibility values for the existing
landslides. The susceptibility values are obtained for each landslide. They can then be plotted
or arranged from high to low values.

e Another approach is to use the same operation after classification of the susceptibility map
into the three classes. With this method it is possible to directly obtain the number of
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landslides in the various susceptibility classes, and also to calculate which percentage of the
landslides is in the high, moderate and low classes.

e The third option is to generate so-called success rate curves. A success rate curve is made by
overlaying the susceptibility map (before classification) with the landslide inventory map. The
percentage of the susceptibility map with values ranging from the highest to the lowest is
plotted on the X-Axis, and the percentage of the number of landslides on the Y-axis. The
steeper the curve is and the more it deviates from the diagonal, the better the prediction is.

Figure 4.26: Success rate curve for the validation of the landslide susceptibility map.

When the validation is done with the same dataset that was used in a statistical model, we call the
resulting curve a success rate curve, because what is tested is only whether the model explains the
landslides that were used to make it. When you use a landslide data set that is different from the
data set used for making the model, we can actually test the prediction capability of the map, and
the resulting curve is called a prediction rate curve.

We would use the landslide datasets from the different triggering events, so that we can check
whether a susceptibility map is capable of predicting new landslides. However, care should be taken
here, as the conditioning factors (in particular land cover, or roads) might have changed which then
makes that the prediction rate will be much less than the success rate.

When different susceptibility maps have been generated for different landslide types, it is also
possible to generate success rate curves for the various maps. It may be that for certain types of
landslides there is a much better prediction than for others. A better prediction means that a smaller
part of the susceptibility map with the highest values contains most of the landslides, in order words
that the majority of the landslides are within the highest susceptibility values.

Success rate curves can also be used to classify the susceptibility maps into the required number of

classes. The curves can be used to select predefined levels for the percentage of the landslides and
the corresponding area of the map. This is illustrated in the Table 4.14.
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Weights Percentage landslides Percentage area

High >0.4 90 % 52%
Mod 0.2-0.4 9% 26%
Low <0.2 1% 91.7 %

Table 4.14: Example of a table showing the classification of a susceptibility map based on the percentage of
landslides and the percentage of the area.

The landslide validation methods explained above should not be taken as absolute. It often occurs
that the historical landslide points are actually in low susceptibility zones, but in the immediate
vicinity of high susceptibility zones. This is not shown when making the success rate curves. So in
practice it is also equally important to carefully check the susceptibility map where the landslide
points are overlain.

4.7. From susceptibility to hazard

Conversion of landslide susceptibility maps into landslide hazard maps requires estimates of spatial,
temporal and magnitude probabilities of landslides (Guzzetti et al., 1999; Glade et al., 2005; Fell et
al., 2008; Van Asch et al., 2007; Corominas and Moya, 2008; van Westen et al., 2008). The difference
between susceptibility and hazard is the inclusion of probability (temporal, spatial and size
probability).

Temporal probability can be established using different methods. A relation between triggering
events (rainfall events) and landslide occurrences is needed in order to be able to assess the
temporal probability. Temporal probability assessment of landslides is either done using rainfall
threshold estimation, and through the use of multi-temporal data sets. Rainfall threshold estimation
is done using antecedent rainfall analysis, for which the availability of a sufficient number of landslide
occurrence dates is essential. An example for Dominica is shown in the Figure below.

Figure 4.27: First results of rainfall threshold analysis for Dominica. Red dots indicate known landslide events,
and blue dots represent other events.
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If distribution maps are available of landslides that have been generated during the same triggering
event, 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.

For the Caribbean countries the event-based landslide inventories play a crucial role in converting
the landslide susceptibility map into a landslide hazard map. The number and quality of these maps
will determine whether this can be based on a quantitative analysis or also on an expert-based
estimation of landslide densities in relation with return periods. For the classified landslide initiation
susceptibility map, the historical landslides are used to characterize the classes.

The percentage of all landslides within the map sheet. Ideally high susceptible areas should have at
least 75% of all landslides, the moderate areas maximum 25 % and the low susceptible areas should
have less than 2 % of all landslides. We should define this for all the maps sheets, so that these rules
apply everywhere.

The density of landslides per unit area (km2). The legend of the final map should explain the
expected landslide density for each of the legend units. The highest susceptibility class should also
have the highest density. We probably cannot use fixed thresholds for this for the entire country, as
there are areas that have a much higher landslide density than others.

Legend classes Explanation Percentage of | Landslide Landslide Landslide
all landslides density: density density
Major moderate | Minot
event event event
Return Return Return
Period: Period: Period:
Existing landslides With suffixes indicate:

- Type of landslide
- Activity (relative age)
- Scarp/accumulation areas

High susceptibility Limited areas that should be avoided in | >75%
spatial planning due to their high
landslide occurrence

Moderate Max 25%
susceptibility
Low susceptibility As large as possible area, that have no <2%

or only a few landslides. Can be
considered safe for spatial planning

Not susceptible Areas with certainty that no landslides 0 for certain
are likely to occur

Table 4.15: Legend classes of the landslide susceptibility map, and the additional columns calculated using
event-based inventories for different triggering events, with different return periods will also be used to
characterize the classes with respect to landslide densities

If there are sufficient landslides along the road segments the method proposed by Jaiswal & van
Westen (2009) will be used for determining the temporal probability of landslide events. The method
uses the probability of exceedance of an empirically derived rainfall threshold and the probability of
occurrence of landslides related to the rainfall threshold for the analysis. Rainfall thresholds will be
determined empirically using combinations of daily and antecedent rainfall. Based on the threshold
values, its exceedance probability will be determined using Poisson probability model which gives the
probability of having one or more landslides. Landslide frequency probability will then be estimated
on a condition that the threshold has been exceeded. The temporal probability will finally be
calculated by multiplying the two probability values.
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4.8. Suggested methods for landslide susceptibility assessment at the
other scales

As was mentioned in section 4.1 landslide susceptibility assessment aims at subdividing the terrain in
zones that have a different spatial likelihood that landslides of a particular type may occur in future.
The previous chapter explained in more detail the method proposed for the national scale landslide
susceptibility and hazard assessment. This chapter will highlight methods that can be used at the
local and site investigation scale.

For these scales the optimal approach is the use of physically-based landslide susceptibility
assessment methods. These methods are based on modelling the processes of landslides using
physically-based slope stability models. An overview of physically based models and their application
for landslide susceptibility assessment is given in Brunsden (1999), Casadei et al. (2003), Van Asch et
al. (2007) and Simoni et al., (2008). Most of the physically-based models that are applied at a local
scale make use of the infinite slope model and are therefore only applicable to modelling shallow
translational landslides. They can be subdivided in static models that do not include a time
component, and dynamic models, which use the output of one time step as input for the next time
step. Physically-based models for shallow landslides account for the transient groundwater response
of the slopes to rainfall and or the effect of earthquake acceleration. The transient hydrology
component is incorporated assuming a slope parallel flow either in its steady state as a function of
slope and drainage area (called steady-state models) or by dynamically evaluating the entire process
from rainfall to the transient response of the groundwater (called dynamic models).

Dynamic models are capable to run forward in time, using rules of cause and effect to simulate
temporal changes in the landscape. A dynamic landslide susceptibility model addresses the spatial
and temporal variation of landslide initiation. They are therefore also applicable in the landslide
hazard assessment. However, the resulting maps show the Safety Factor for each pixel for a given
scenario. It is still complicated to determine the possible landslide size, although this is done by
grouping pixels with the same low Safety Factors into potential landslide polygons. Physically-based
models are also applicable to areas with incomplete landslide inventories. The parameters used in
such models are most often measurable and are considered as state variables having a unique value
for a given moment in time and space. Most physically-based models are dynamic in nature, implying
that they run forward (or backward) in time constantly calculating the values of the state variables
based on the equations incorporated. If implemented in a spatial frame work (a GIS model) such
models are also able to calculate the changes in the values with time for every unit of analysis (pixel).

The results of such models are more concrete and consistent than the heuristic and statistical
models, given the white box approach of describing the underlying physical processes leading to the
phenomena being modelled. They have a higher predictive capability and are the most suitable for
quantitatively assessing the influence of individual parameters contributing to shallow landslide
initiation. However, it is often more time consuming and resource intensive to derive the necessary
data required for physically-based models. The parameterization of these models can be
complicated, in particular the spatial distribution of soil depth, which plays a decisive role. The
advantage of these models is that they are based on slope stability models, allowing the calculation
of quantitative values of stability (safety factors). The main drawbacks of this method are the high
degree of oversimplification and the need for large amounts of reliable input data. The methods are
applicable only over larger areas only when the geomorphological and geological conditions are fairly
homogeneous and the landslide types are simple. The methods generally require the use of
groundwater simulation models. Stochastic methods are sometimes used for selection of input
parameters.
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Apart from GIS-based models for slope stability assessment, there is also a range of detailed 2-D and
3-D models that normally are applied on a site investigation scale (e.g. Slope/W, SLIDE, CLARA etc.).
These require detailed information on geotechnical parameters, soil/rock layers, failure mechanisms,
hydrological situation and seismic acceleration.

Numerical modelling applications can be subdivided in continuum modelling methods (e.g. finite
element, finite difference, with software such as FLAC3D, VISAGE) and discontinuum modelling (e.g.
distinct element, discrete element, with software such as UDEC). Limit Equilibrium Methods do not
allow the evaluation of stress and strain conditions in the slope and are incapable to reproduce the
crucial role played by deformability in slope movements (Bromhead, 1996; Van Asch et al., 2007).
Finite Elements Methods and Finite Difference Methods are able to handle material heterogeneity,
non-linearity and boundary conditions, but due to their internal discretization they cannot simulate
infinitely large domains and the computation time can be problematic. Boundary Element Methods
require discretization at the boundaries of the solution domains only, which simplifies the input
requirements, but they are impractical when more than one material must be taken into account. It
is the most efficient technique for fracture propagation analysis. Distinct Element Methods represent
a discontinuous medium as assemblages of blocks formed by connected fractures in the problem
domain, and solve the equations of motion of these blocks through continuous detection and
treatment of contacts between the blocks. Handling large displacements including fracture opening
and complete detachments is therefore straightforward in these methods although they are less
suitable to model plastic deformation.

Hence, any numerical simulation will contain subjective judgements and be a compromise between
conflicting detail of process descriptions and practical consideration. It is essential to define
guidelines for the development of physically-based models that perform satisfactorily for a given
problem (Van Asch et al., 2007).
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Table 4.16: Recommended methods for physically-based landslide suscepibility assessment

Type

Method

References

GIS-based limit
equilbrium methods

Static infinite slope modeling (e.g.
SINMAP, SHALSTAB)

Pack el al. 1998; Dietrich et al., 1995

Dynamic infinite slope modeling with

Baum et al, 2002; Van Beek, 2002;

rainfall trigger (e.g. TRIGRS, | Casadei et al. 2003; Simonie t al., 2008
STARWARS +PROBSTAB
Earthquake induced infinite slope | Jibson etal., 1998

modeling (e.g. Newmark)

Kinematic analysis for

Stereonet plots, GIS based analysis of | Gunter, 2002;

rockslopes discontinuities (e.g. SLOPEMAP, DIPS )
2-D Limit equilibrium 2-D LEM with groundwater flow and | GEO-Slope, 2011;
methods stress analysis. E.g., SLOPE/W, SLIDE,

GALENA, GSLOPE

3-D Limit equilibrium 3-D
methods

slope stability analysis, e.g.
CLARA-W, TSLOPE3, SVSLOPE

Hungr, 1992; Gilson et al, 2008

Numerical Modeling

Continuum modeling (e.g. finite
element, finite difference) , FLAC3D,
VISAGE

Discontinuum modeling (e.g. distinct
element, discrete element), e.g. UDEC

Hoek et al, 1993; Stead et al, 2001

Hart, 1993; Stead et al., 2001

4.8.1. Selecting the best method of analysis

Not all methods for landslide hazard zonation are equally applicable at each scale of analysis. Some
require very detailed input data, which can only be collected for small areas at the expense of a lot of
efforts and costs.

Therefore a selection has to be made of the most useful types of analysis for each of the mapping
scales, maintaining an adequate cost / benefit ratio. Table 8.2 gives an overview of the methods for
landslide hazard analysis and recommendations for their use at the three scales of analysis.

There are several aspects that should be considered:

Selection of a method should suit the available data and the scale of the analysis. For
instance, selecting a physical modelling approach at small scales with insufficient
geotechnical and soil depth data is not recommended. This will either lead to large
simplifications in the resulting hazard and risk map, or to endless data collection.

In the case of lacking or incomplete landslide inventories, heuristic methods can still be
applied.

Different landslide types are controlled by different combinations of environmental and
triggering factors, and this should be reflected in the analysis. The landslide inventory should
be subdivided into several subsets, each related to a particular failure mechanism, and linked
to a specific combination of causal factors. Also only those parts of the landslides should be
used that represent the situation of the slopes that failed.

Use of data with a scale or detail that is not appropriate for the hazard assessment method
selected should be avoided.

One should take care not to select factor maps because they can be easily obtained, such as
DEM derivatives on a regional or local scale, or the use of satellite derived NDVI values as a
causal factor instead of generating a land cover map.

Methods should take into account the specific characteristics of the Caribbean islands, in
terms of their volcanic soils, high weathering degree, intense rainfall, and tropical vegetation
cover.
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Table 4.17 Important aspects in the use of the main methods for landslide susceptibility assessment a tht ethree
scales of analysis. Colours indicate: green: best, yellow: useful as supporting tool or alternative, Orange: not
applicable.

Important aspects

Applicability at the defined scales of analysis

National scale Local scale Site investigation
scale
Limited to knowing the spatial and | Yes, but difficult to Important Important

temporal distribution.
Can be carried out at all scales of analysis.
Difficult to apply at small scales (it is quite

obtain event-based
landslide inventories
due to the rapid

supporting tool for
the analysis at this
scale is to map out

supporting tool for
determining local
hazard. Detailed

scales.

)
§ time consuming to map landslide | vegetation growth in detail the mapping is
- distribution over large areas, using image | and unavailability of | landslides, also required.
i interpretation). high resolution using community-
S Used in combination with a heuristic or | images after major based approaches.
S statistical method at larger scales. events in the past.
2 Emphasis should be
- given on the local
collection of
landslide data in the
islands.
A dominant role for the expert opinion of | Best method at this In case physically In case physically
8 the analyst. scale. Causal factors | based models turn based models turn
2 Can be used at all scales of analysis. and triggering out to be too out to be too
g Increasing detail of the input data, going | factors can be complicated, thisis | complicated, this
o from small to large scales. weighted. In the other is the other
:‘5 Highly subjective, depending on the skill | combination with alternative to be alternative to be
2 and experience of the analyst, but may statistical methods. used at this scale. used at this scale.
T result in the best output results, since they
do not lead to generalization.
The relative importance of the causal | Best method for this | Not so applicable No, not enough
- factors for landslides is analysed using | scale. Correlating at this scale due to | spatial variability
B bivariate or multivariate statistics. past landslides with the limited spatial of input factors.
% These methods are objective, since the | combination of variability of the
E weights for the different factor maps | factors, in input factors.
S contributing to slope instability are | combination with
.:ij determined using a fixed method. heuristic methods
a They may lead to generalizations in those
cases where the interplay of causal factors
is very complex
The hazard is determined using slope | No, too difficult to Yes, best method Yes, best method
stability models, resulting in the calculation | parameterize the for this scale. But for this scale.
w0 of factors of safety and failure probabilities. | models. There is not | only if the area if Different
£ Provides the best quantitative information | enough information | fairly approaches can be
E on landslide hazard. available on soil homogeneous, and | selected,
g Can be used directly in the design of | depth, geotechnical it is possible to depending on the
3 engineering works, or the quantification of | properties and generate soil maps | landslide type.
a risk. hydrological which indicate the Detailed ruinput
'9>_ Requires a large amount of detailed input | properties of soil soil thickness and modelling is also
¢=8 data, derived from laboratory tests and materials to do this. geotechnical & possible for
z field measurements. hydrological specific sites.
= Suitable only over small areas at large properties. Should serve as

basis for design of
engineering
measures.

Page | 101




4.9, Literature:

Aleotti, P. and Chowdury, R. 1999. Landslide hazard assessment: summary review and new perspectives. Bull.
Eng. Geol. Env. (1999): 21-44, pp 21- 44

Ayalew L, Yamagishi H, Marui H, Kanno T (2005) Landslide in Sado Island of Japan: Part Il. GIS-based
susceptibility mapping with comparision of results from two methods and verifications. Eng Geol 81:432—-
445,

Baum, R.L., Savage, W.Z., and Godt, J.W. (2002). TRIGRS - A Fortran program for transient rainfall infiltration
and grid based regional slope stability analysis, Open file report 02-424: Colorado, USA, U.S. Department of
the Interior and U.S. Geological Survey

Bromhead, E.N. (1996). Slope stability modeling : an overview. In : Landslide recognition. Wiley & Sons,
Chichester, 231-235.

Brunsden, D. (1999). Some geomorphological considerations for the future development of landslide models:
Geomorphology. 30(1-2), p. 13-24.

Bulut F, Boynukalin S, Tarhan F, Ataoglu E (2000) Reliability of isopleth maps. Bull Eng Geol Environ 58:95-98

Carrara, A. (1983) Multivariate models for landslide hazard evaluation. Mathematical Geology, 15 (3):403- 426

Carrara A.; Guzzetti F.; Cardinali M.; Reichenbach P. (1999). Use of GIS technology in the prediction and
monitoring of landslide hazard, Natural Hazards, Volume 20, Issue 2-3, 1999, Pages 117-135

Cardinali M, Reichenbach P, Guzzetti F, Ardizzone F, Antonini G, Galli M, Cacciano M, Castellani M, Salvati P
(2002) A geomorphological approach to the estimation of landslide hazards and risks in Umbria, Central
Italy. Nat Hazards Earth Syst Sci 2:57-72

Casadei, M., Dietrich, W.E., and Miller, N.L. ( 2003). Testing a model for predicting the timing and location of
shallow landslide initiation on soil mantled landscapes: Earth Surface Processes and Landforms. 28(9), p.
925-950.

Cascini, L., Bonnard, Ch., Corominas, J., Jibson, R., Montero-Olarte, J., 2005. Landslide hazard and risk zoning for
urban planning and development. In: Hungr, O., Fell, R., Couture, R., Eberthardt, E. (Eds.), Landslide Risk
Management. Taylor and Francis, London, pp. 199-235.

Cascini, L (2008) Applicability of landslide susceptibility and hazard zoning at different scales. Engineering
Geology, Volume 102, Issue 3-4, Pages 164-177

Castellanos, EA, Van Westen CJ (2007) Qualitative landslide susceptibility assessment by multicriteria analysis:
a case study from San Antonio del Sur, Guantanamo, Cuba. Geomorphology 94(3-4):453-466.

Chacon J, Irigaray C, Fernandez T, El Hamdouni R (2006) Engineering geology maps: landslides and geographical
information systems. Bull Eng Geol Environ 65:341-411.

Chung CF, Fabbri AG (1993) Representation of geoscience data for information integration. ] Non-Renewable
Resour 2(2):122-139

Chung CF, Fabbri AG (2001) Prediction models for landslide hazard using fuzzi set approach. In: Marchetti M,
Rivas V (eds) Geomorphology and environmental impact assessment. A.A. Balkema, Rotterdam, pp 31-47

Coe, J.A., Michael J.A,, Crovelli, R.A., Savage, W.A. (2000) Preliminary map showing landslides densities, mean
recurrence intervals, and exceedance probabilities as determined from historic records, Seattle,
Washington. USGS Open-File report 00-303

Colesanti, C., Wasowski, J. (2006). Investigating landslides with space-borne Synthetic Aperture Radar (SAR)
interferometry. Engineering Geology 88 (3-4), 173-199.

Corominas, J. and Moya, 2008. A review of assessing landslide frequency for hazard zoning purposes.
Engineering geology 102, 193-213

Corominas, J. C.J. van Westen, P. Frattini, L. Cascini, J.-P. Malet, S. Fotopoulou, F. Catani, M. Van Den
Eeckhaut, O. Mavrouli, F. Agliardi, K. Pitilakis, M. G. Winter, M. Pastor, S. Ferlisi, V. Tofani, J. Hervas, and J.
T. Smith (2014) Recommendations for the quantitative analysis of landslide risk. Bulletin of Engineering
Geology and the Environment, V 73, N 2, pp 209-263.

Crozier, M.J. (2005). Multiple occurrence regional landslide events in New Zealand: hazard management issues.
Landslides,2: 247-256

Cruden, D.M., Varnes, D.J. 1996. Landslide Types and Processes, in Landslides. Investigation and Mitigation,
Editors AK Turner. and RL Schuster. Special Report 247, Transport Research Board, National Research
Council, Washington D.C.

Page | 102



Dai, F.C., Lee, C.F. and Ngai, Y.Y. (2008). Landslide risk assessment and management: an overview . Engineering
Geology, 64 (1), 65-87

Dietrich, W.E., Reiss, R., Hsu, M.-L., and Montgomery, D.R., (1995). A process-based model for colluvial soil
depth and shallow landsliding using digital elevation data: Hydrological Processes. 9, p. 383-400

Dikau, R, Brunsden, D, Schrott, L., Ibsen, M.L. 1996. Landslide Recognition. Wiley,Chichester.

Dixon, N., and Brook, E. (2007). Impact of predicted climate change on landslide reactivation: case study of
Mam Tor, UK. Landslides, 4, 137-147

Ercanoglu, M. and Gokceolglu, C. (2001). Assessment of landslide susceptibility for a landslide-prone area
(north of Yenice, NW Turkey) by fuzzy approach. Environmental Geology 41 :720-730.

Ermini L, Catani F, Casagli N (2005) Artificial neural networks applied to landslide susceptibility assessment.
Geomorphology 66:327-343

Fell,R., Corominas, J., Bonnard, C., Cascini, L., Leroi, E., Savage, W.Z., and on behalf of the JTC-1 Joint Technical
Committee on Landslides and Engineered Slopes (2008): Guidelines for landslide susceptibility, hazard and
risk zoning for land use planning. Engineering Geology, Vol. 102, Issues 3-4, 1 Dec., pp 85-98.
DOI:10.1016/j.engge0.2008.03.022

Geo-slope (2011). Slope/W.. Geo-Slope International Itd. Gagary, Canada. www.geo-slope.com

Gilson Gitirana Jr., Marcos A. Santos, Murray Fredlund, (2008). Three-Dimensional Analysis of the Lodalen
Landslide, GeoCongress 2008, March 9 - 12, 2008, New Orleans, LA, USA

Glade T., Anderson M. & Crozier M.J. (Eds) (2005): Landslide hazard and risk.- Wiley. 803 p

Gorsevski, P.V., Gessler, P., and Foltz, R.B. (2000). Spatial prediction of landslide hazard using discriminant
analysis and GIS. GIS in the Rockies 2000 Conference and Workshop: applications for the 21st Century,
Denver, Colorado, September 25 - 27, 2000

Gunther, A., (2003). SLOPEMAP: programs for automated mapping of geometrical and kinematical properties
of hard rock hill slopes. Computers and Geoscience 865-875

Guzzetti, F., Carrara, A., Cardinali, M. and Reichenbach, P., (1999). Landslide hazard evaluation: a review of
current techniques and their application in a multi-scale study, Central Italy. Geomorphology, 31(1-4): 181-
216.

Guzzetti F., Cardinali M., Reichenbach P. and Carrara A., (2000). Comparing landslide maps: A case study in the
upper Tiber River Basin, central Italy. Environmental Management, 25:3, 2000, 247-363.

Hart, R.D (1993). An introduction to distic element modeling for rock engineering. In: Hudson (ed.)
comprehensive Rock engineering

Hoek, E., Grabinsky, M.W., and Diederichs (1993). Numerical modeling for underground excavations.
Transactions of the Institution of Mining and Metallurgy — Section A 100: A22-A30.

Hutchinson, J.N. 1988. Morphological and geotechnical parameters of landslides in relation to geology and
hydrogeology. In Ch. Bonnard (Ed.): Landslides. Proceedings 5th International Conference on Landslides.
Lausanne. Vol. 1: 3-35

IAEG 1990. Suggested nomenclature for landslides. International Association of Engineering Geology
Commission on Landslides,, Bulletin IAEG, No. 41,.13-16.

ISDR 2009. Terminology on Disaster Risk Reduction. http://www.unisdr.org/eng/library/lib-terminology-
eng.htm

Jaiswal P., van Westen C.J. (2009). Estimating temporal probability for landslide initiation along transportation
routes based on rainfall thresholds. Geomorphology 112, 96-105.

Jaiswal P., van Westen, C.J. and Jetten, V. (2011). Quantitative assessment of landslide hazard along
transportation lines using historical records. Landslides (in press).

Jibson, R.W., Harp, E. L. and Michael, J.A..(1998). A Method for Producing Digital Probabilistic Seismic Landslide
Hazard Maps: An Example from the Los Angeles, California, Area. US Geological Survey Open File Report 98-
113

Kanungo, D.P., Arora, M.K., Sarkar, S. and Gupta, R.P., (2006). A comparative study of conventional, ANN black
box, fuzzy and combined neural and fuzzy weighting procedures for landslide susceptibility zonation in
Darjeeling Himalayas. Engineering Geology, 85(3-4): 347-366.

Keefer, D.K. (2002). Investigating landslides caused by earthquakes — a historical review. Surveys in Geophysics
23:473-510

Kienholz H (1978) Maps of geomorphology and natural hazard of Grindewald, Switzerland, scale 1:10,000.
Arctic Alpine Res 10(2):169-184

Lee, S., Ryu, J.-H., Won, J.-S. and Park, H.-J., (2004). Determination and application of the weights for landslide
susceptibility mapping using an artificial neural network. Engineering Geology, 71(3-4): 289-302.

Page | 103



Lee S (2005) Application of logistic regression model and its validation for landslide susceptibility mapping using
GIS and remote sensing data. Int J Remote Sens 26:1477-1491.

Luzi L (1995) Application of favourability modelling to zoning of landslide hazard in the Fabriano Area, Central
Italy. In: Proceedings of the first joint European conference and exhibition on geographical information, The
Hague, Netherlands, pp 398-402

Malamud, B.D., Turcotte, D.L., Guzzetti, F., Reichenbach, P., 2004. Landslide inventories and their statistical
properties. Earth Surface Processes and Landforms 29, 687-711.

Malet, J.P., Thiery, Y, Hervas, J., Glnther, A., Puissant, A, Grandjean, G. (2009). Landslide susceptibility mapping
at 1:1M scale over France: exploratory results with a heuristic model. Proc. Int. Conference on Landslide
Processes: from Geomorphologic Mapping to Dynamic Modelling. A tribute to Prof. Dr. Theo van Asch, 6 -7
February 2009. Strasbourg, France.

Mora S, Vahrson G (1994) Macrozonation methodology for landslide hazard determination. Bull Assoc Eng Geol
XXXI1(1):49-58

Ohlmacher CG, Davis CJ (2003) Using multiple logistic regression and GIS technology to predict landslide hazard
in northeast Kansas, USA. Eng Geol 69 (3-4): 331-343

O’Keefe, P. and Conway, C. (1977). Natural Hazards in the Windward Islands. University of Bradford, Disaster
Research Unit, Occasional Paper Nr, 14. http://www.ilankelman.org/miscellany/BDRU14.pdf

Pack, R.T., Tarboton, D.G., and Goodwin, C.N., (1998). The SINMAP Approach to Terrain Stability Mapping, 8th
Congress of the International Association of Engineering Geology: Vancouver, British Columbia, Canada,
International Association of Engineering.

Reid, L.M. & Page, M.J. (2003). Magnitude and frequency of landsliding in a large New Zealand catchment.
Geomorphology, 49: 71-88

Rupke, J., Cammeraat, E., Seijmonsbergen, A.C. and van Westen, C.J. (1988) Engineering geomorphology of the
Widentobel catchment, Appenzell and Sankt Gallen, Switzerland : a geomorphological inventory system
applied to geotechnical appraisal of slope stability. In: Engineering geology, 26 (1988)1, pp. 33-68.

Seijmonsbergen, A.C., 1992. Geomorphological evolution of an alpine area and its application to geotechnical
and natural hazard appraisal in the NW. Ratikon Mountains and S. Walgau (Vorarlberg, Austria), including
map series at 1:10,000 scale. PhD-thesis, Faculty of Environmental Sciences, Department of Physical
Geography, University of Amsterdam. 109 pp. ISBN: 90-6787-021-8.

Simoni, S., Zanotti, F., Bertoldi, G., and Rigon, R., (2008). Modelling the probability of occurrence of shallow
landslides and channelized debris flows using GEOtop-FS: Hydrological Processes. 22(4), p. 532-545.

Soeters, R., Van Westen, C.J., 1996. Slope instability recognition, analysis and zonation. In: Turner, A.K.,
Schuster, R.L., (Eds.), Landslides, Investigation and Mitigation.

Suzen ML, Doyuran V (2004) Data driven bivariate landslide susceptibility assessment using geographical
information systems: a method and application to Asarsuyu catchment, Turkey. Eng Geol 71:303-321.

Squarzoni, C., Delacourt, C., Allemand, P., 2003. Nine years of spatial and temporal evolution of the La Vallette
landslide observed by SAR interferometry.. Engineering Geology 68 (1_2), 53_66.

Stark, C., P., Hovius, N., 2001. The characterisation of landslide size distributions. Geophysical Research Letters
28, 1091-1094.

Stead, D., Eberhardt, E., Coggan, J., and Benko, B. (2001). Advanced Numerical Techniques In Rock Slope
Stability Analysis — Applications And Limitations. LANDSLIDES — Causes, Impacts and Countermeasures, 17-
21 June 2001, Davos, Switzerland, 615-624

Technical Committee 32 (Engineering Practice of Risk Assessment and Management) of the International
Society of Soil Mechanics and Geotechnical Engineering (ISSMGE): Risk assessment — Glossary of terms.
http://www.engmath.dal.ca/tc32/2004Glossary_Draft1.pdf

UN-ISDR, 2004. Terminology of disaster risk reduction. United Nationas, International Strategy for Disaster
Reduction, Geneva, Switzerland http://www.unisdr.org/eng/library/lib-terminology-eng%20home.htm

Valadao P, Gaspar JL, Queiroz G, Ferreira T (2002) Landslides density map of S. Miguel Island, Azores
archipelago. Nat Hazard Earth Syst Sci 2:51-56

Van Asch, T.W.J,, Malet, J.P., Van Beek, L.P.H. and Amitrato, D. (2007) Techniques, issues and advances in
numerical modelling of landslide hazard. Bull. Soc. géol. Fr., 2007, 178 (2), 65-88

van Beek, L.P.H. (2002). Assessment of the influence of changes in Landuse and Climate on Landslide Activity in
a Mediterranean Environment [PhD thesis]: Utrecht, The Netherlands, University of Utrecht.

Van Westen, C. J.: 1993, Application of Geographic Information Systems to Landslide Hazard Zonation, Ph-D
Dissertation Technical University Delft. ITC-Publication Number 15, ITC, Enschede, The Netherlands, 245 pp.

Page | 104



Van Westen, C.J., Soeters, R. and Sijmons, K. (2000) Digital gecomorphological landslide hazard mapping of the
Alpago area, Italy. In: International journal of applied earth observation and geoinformation : JAG, 2 (2000)1,
pp. 51-60.

Van Westen, C.J., Castellanos Abella, E.A. and Sekhar, L.K. (2008) Spatial data for landslide susceptibility,
hazards and vulnerability assessment : an overview. In: Engineering geology, 102 (2008)3-4, pp. 112-131

Varnes, D.J. 1978. Slope Movement Types and Processes. In Special Report 176: Landslides: Analysis and
Control, editors R.L. Schuster and R.J. Krizek, TRB, National Research Council, Washington, D.C.,.11-33.

Wieczorek, G.F. ( 1984). Preparing a detailed landslide-inventory map for hazard evaluation and reduction.
Bulletin of the Association of Engineering Geologists 21 (3), 337— 342

Yalcin A (2008) GIS-based landslide susceptibility mapping using analytical hierarchy process and bivariate
statistics in Ardesen (Turkey): comparisons of results and confirmations. Catena 1:1-12.

Yin, K. J. and Yan, T. Z.: 1988, Statistical prediction model for slope instability of metamorphosed rocks,
Proceedings 5th International Symposium on Landslides, Lausanne, Switserland, Vol. 2, 1269-1272.

Yoshimatsu, H. and Abe, S. (2005). A review of landslide hazards in Japan and ssessment of their susceptibility
using an analytical hierarchic process (AHP) method. Landslides DOI: 10.1007/s10346-005-0031-y

Page | 105






Page | 107



