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Summary

The aim of this study was to generate a national-scale landslide susceptibility map for Saint Lucia. As the available
data turned out to be insufficient to generate reliable results, we decided to generate several new data layers,
and significantly improved some of the existing data. We generated a new database of disaster events for Saint
Lucia, making use of many different sources. This is the most complete inventory to our knowledge. It is quite
clear from this database that the landslide reporting became more frequent in recent years, and less information
on landslides is available when going back in time, whereas the data on tropical storms and hurricanes seems to
be much more constant over time. The underreporting of landslides is a big problem in trying to evaluate
landslide frequency/magnitude relations. We also compiled all available landslide occurrence data from different
sources. For received great support from the British Geological Survey, as a team from BGS generated new
landslide inventory maps for 2010 to 2014 using high resolution satellite images in the framework of the
European Space Agency (ESA) “eoworld 2” initiative. Eventually we compiled landslide inventories for 1985,
1995, 2009, 2010, 2011, 2012, 2013, and 2014. The resulting landslide database contains 430 landslides in 1985
(Hurricane Allen), 713 in 1995 (Tropical Storm Debby), 27 in 2009, 1025-1132 in 2010 (Hurricane Tomas), 489 in
2011, 198 in 2012 and 459 in 2013 (Christmas Eve storm). We also compiled landslide inventories along the road
network for several events from existing studies (Mott MacDonald, 2013) and maintenance records of the
Ministry of Infrastructure, Port Services and Transport. We analyzed the triggering conditions for landslides as
far as was possible given the available data, and generated rainfall magnitude-frequency relations. However,
there were not enough data (both in terms of landslide dates and date-related inventories) to be able to calculate
magnitude-frequency relations for landslides, in terms of the number or density of landslides for different
frequencies. We analyzed the quality of the input data and conclude that the existing Digital Elevation Data is
quite problematic and that there are several areas which lack both topographic as well as geological data. We
applied a method for landslide initiation susceptibility assessment that is the best possible, given the availability
of data. A bi-variate statistical analysis provided indications on the importance of the possible contributing
factors, but the actual combination of the factor maps was done using a subjective expert-based iterative
weighing approach using Spatial Multi-Criteria Evaluation (SMCE). 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. The method analyses only
landslide initiation susceptibility; landslide runout susceptibility should be included in local and site-investigation
studies. The method for landslide susceptibility assessment was further expanded by including the historical
landslides in the susceptibility map and by manual editing of the final map. The whole map was visually checked,
and the modelled zones of high, moderate and low susceptibility were adapted when necessary, so that they
reflect the best situation according to the mapping geomorphologist. This was a rather time consuming activity,
but it allowed to analyse the different parts of the map separately, and therefore obtain results that also are a
basis for the analysis at a local scale. The manual editing of the susceptibility map was also done to simplify the
susceptibility units. In the final landslide susceptibility map, 50% of the area was classified as low susceptibility,
24 % as moderate, and 26 % as high susceptibility. When considering the landslide density, the values for low
range from 0.0003 to 0.001, for moderate from 0.0014 to 0.006 and for high from 0.006 to 0.04. In terms of
numbers per square kilometre, these values are 0.1 to 0.4 for low, 0.2 to 1.3 for moderate and 1 to 9.6 for high
susceptibility. The ranges reflect the expected densities for frequent to rare events. It was very difficult to
determine the frequency of the landslide densities due to a lack of sufficient event-based inventories. We have
separated four types of events: frequent, moderate, large and major events. We selected landslide inventories
with increasing densities to represent these four events. For the road network we also generated a landslide
susceptibility map by subdividing the primary road network into homogeneous segments which were
characterized by information from a road database provided by Mott MacDonald (2013). We also used SMCE to
generate a susceptibility map which we characterized using the available landslide inventories along the road.
We calculated the maximum and average landslide density, as the number of landslides per kilometre of road.
For the road network we also made an estimation of the average landslide density (as number per kilometer of
road) for frequencies. Also exposure analysis was carried out for buildings.

One should be careful when using the national-scale landslide susceptibility and hazard map for evaluating the
landslide hazard of individual buildings and critical infrastructure. The scale of this map is not appropriate to
utilize it for local or detailed scale analysis. Other, more detailed landslide hazard methods should be used for
these scales, which also require more detailed information on soil characteristics, such as soil depth, hydrological
and geotechnical properties.
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1. Introduction
1.1. 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. The results of the
CHARIM project are shared through a web-based platform: www.charim.net

To support my ... what hazard/ how canluse ...and what
de¢:|s!nn- . rlsk. thic input datado |
making information do . . need to create
information...

process... | need... it?

One of the sub-objectives of the project was 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”. Another sub-objective was 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
flood”.

This report addresses specifically the methods and results used for the national-scale landslide susceptibility
assessment for the country of Saint Lucia.

It will do so by first introducing the method of analysis, and the reasons for selecting this method in chapter two.
In the next chapter (three) we will evaluate the historical data on landslides, floods and other hazards for Saint
Lucia, and analyse rainfall data in terms of frequency and relation with landslides.

The fourth chapter presents the various landslide inventories that were compiled and discusses the landslide
problems in Saint Lucia. The fifth chapter focuses on the evaluating of the main landslide conditioning factor
maps, such as the Digital Elevation Model, geological map, soil map and land cover map. We also identify the
quality of the input data.

Chapter six deals with the landslide susceptibility assessment for Saint Lucia. It starts with an explanation of the
method used, and presents the results of the bi-variate statistical analysis, which are subsequently used in an
expert based method. The final map was visually checked and improved. Chapter seven presents the method for
landslide susceptibility assessment along the road network. Chapter eight aims to characterize the landslide
susceptibility classes in terms of frequency and density of landslides, and shows the results of a building exposure
analysis. The report ends by discussing the critical points in relation to the available data and suggestions for
additional data collection.

6|Page



1.2. Definitions and requirements

The terminology used in this report follows that of the Guidelines for landslide susceptibility, hazard and risk
assessment and zoning, produced by the comprehensive landslide research project “SAFELAND, Living with
landslide risk in Europe: Assessment, effects of global change, and risk management strategies”, funded by the
European Commission. The guidelines were also worked out as a publication by Corominas et al. (2014), based
on a large number of literature sources, among which Fell et al (2008), TC32, UN-ISDR (2004):

For this reports the following three definitions are of importance:

Landslide inventory: The collection of landslide features in a certain area for a certain period, preferably
in digital form with spatial information related to the location (as points or polygons) combined with
attribute information. These attributes should ideally contain information on the type of landslide, date of
occurrence or relative age, size and/or volume, current activity, and causes. Landslide inventories are either
continuous in time, or provide so-called event-based landslide inventories, which are inventories of
landslides that happened as a result of a particular triggering event (rainfall, earthquake).

Landslide susceptibility map: A landslide susceptibility map contains a subdivision of the terrain in zones
that have a different spatial likelihood that landslides may occur. The likelihood may be indicated either
qualitatively (as high, moderate low, and not susceptible) or quantitatively (e.g. as the density in number
per square kilometres, or area affected per square kilometre). Landslide susceptibility maps should indicate
the zones where landslides have occurred in the past and where they may occur in future and possibly also
the run-out zones.

Landslide hazard map: The subdivision of the terrain in zones that are characterized by the expected
intensity of landslides within a given period of time, or the probability of landslide occurrence. Landslide
hazard maps should indicate both the zones where landslides may occur as well as the run-out zones.
Landslide hazard maps differ from landslide susceptibility maps as they would indicate for specific zones,
what can be expected, with which frequency and with which intensity. A complete quantitative landslide
hazard assessment includes:

e Spatial probability: the probability that a given area is hit by a landslide.

e Temporal probability: the probability that a given triggering event will cause landslides
e Volume/intensity probability: probability that the slide has a given volume/intensity

e Run-out probability: probability that the slide will reach a certain distance downslope

Depending on the scale of the hazard assessment, and the available input data, hazard may be expressed in
different ways. At large scales it could be expressed as failure probability, using a factor of safety
approach, and given certain triggering events with a given return period. At medium to small scales it may
be expressed as the expected landslide density within particular units for a given return period.

Based on these definitions and the situation in the country of Saint Lucia, it is currently only possible to generate
a landslide susceptibility map at the national scale, and it is not possible to generate a national landslide hazard
map, as we are not able to represent spatial, temporal, size and run-out probability for landslides for the entire
island at a scale of around 50.000, giving the limitations in the available data. These limitations are mostly related
to lack of sufficient information between the relation of the frequency and magnitude of triggering events
(extreme rainfall) and the landslide caused by them. At a national scale we were only able to generate a
qualitative map that shows the subdivision of the terrain in zones that have a different likelihood that landslides
of a type may occur, without actual information on the frequency of landslides for different return periods, the
size probability and the run-out probability. At best we were able to generate national scale qualitative landslide
hazard maps that have semi-quantitative descriptions of the legend classes, indicating the expected landslide
densities for different return periods.
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1.3. Previous work on landslide susceptibility assessment

In the country of Saint Lucia previous attempts to generate landslide susceptibility maps have been carried out.
In Saint Lucia, in 1985, (DeGraff, 1985) a national landslide hazard assessment was done through the analysis of
three factors: geology, geomorphology and topography. The geomorphology was represented by a 1:25,000
landslide inventory map obtained through the interpretation of aerial photographs. For the geology, data
published in articles was used, and integrated with a Geology map of all the Caribbean islands to obtain a national
geology map. The topography was represented by 3 slope classes. No rainfall information was used, as well as
any land cover/use. In 1995 a landslide susceptibility map was generated by Rogers (1995, 1997), based on
landslide inventory data from DeGraff, plus additional landslide mapping: airphoto-interpretation of black and
white 1:10,000 scale photos of coastal regions from 1991, and field mapping after tropical storm Debby in
September 1994.

Landslide Risk Map Debris Risk Severity
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Seurce: 0AS D Gradf) 1985

Figure 1-1. Previous landslide susceptibility maps for Saint Lucia: Left: study by DeGraff (1985) for OAS. Right:
study carried out by Rogers (1995).

Rogers produced a debris flow susceptibility map using the above mentioned inventories, based on grids of 200
by 200 m. She used four critical factors for debris flow susceptibility assessment: slope gradient, slope curvature,
rainfall (mean annual precipitation) and soil type, which were integrated using a weighting approach. The
resulting debris flow susceptibility map does not reflect current conditions anymore. After Hurricane Thomas a
number of initiatives were taken to address landslide hazards along the road network (Mott Macdonald, 2013).
Also extensive work has been done on community-based landslide management in Saint Lucia (Anderson, 1983;
Anderson et al., 2011; Holcombe and Anderson, 2010; Holcombe et al., 2011; Anderson and Holcombe, 2013).

8|Page



2. Method used for the national-scale landslide susceptibility
assessment

2.1. Presentation of the method used

Figure 2-1 presents the method which was used for the national scale landslide susceptibility assessment for
Saint Lucia. The method focuses on the assessment where landslides are likely to initiate, and not on the possible
run-out areas. Run-out susceptibility assessment should be taken into account when doing local and site-
investigation studies. The method consists of a number of steps which are described in detail in the following
sections.

Step 1: Generating landslide inventories. The first, and very important step is to generate a comprehensive
landslide inventory. Several landslide inventories were available for Saint Lucia. However, these are far from
complete, and an attempt was made to update these using several sources of information: interpretation of high
resolution satellite images, collection of historical information on the dates of occurrence of past landslide
events, collection of available data from the national emergency management organisation and from road
maintenance records. We were fortunate to be able to use the landslide inventories generated by the British
Geological Survey for this project. The resulting landslide inventory map contains many more landslides than
were initially available.

Step 2: Analysis of triggering events. An analysis of triggering events is carried out in order to be able to correlate
landslide inventories of particular triggering events to the frequency of rainfall related to these events. If such a
relation could be established we could also characterize the landslide susceptibility classes with indicative
landslide densities for different frequencies, and would then be able to convert the susceptibility map into a
hazard map. From the available data on landslide occurrences a series of triggering events were identified.
Rainfall data was used to estimate return periods of daily rainfall, with the aim to correlate these with triggering
events for which landslide information was available.

Step 3: Generation of factor maps that contribute to landslide occurrence. A Digital Elevation Model of relatively
poor quality was used for generating derivative maps, such as elevation classes, slope steepness, slope direction
and flow accumulation. Exiting geological maps, and soil maps were used. Drainage lines, roads, coastlines and
ridges were used to generate distance maps to evaluate the effect of landslide occurrence close to these features.
Land cover maps were generated by the BGS using object oriented image classification based on Pleiades images.

Step 4: Bivariate statistical analysis. The weights of evidence modelling (WOE) method was used as an
exploratory tool to evaluate the importance of the factor classes. A GIS-based script was used to carry out the
WOE modelling for each factor map in combination with the landslide inventory map. Based on the calculated
weights of evidence a selection was made of the most relevant causal factors. When the results of the statistical
analysis provided inconclusive results we went back to the creation of the factor maps. Several new combinations
of factor maps were made which were again tested using the weights of evidence method. For instance a factor
map lithology can be combined with a map of slope classes, so that the resulting map gives a better relation with
landslides, and the combined classes have higher weight values. The process of generating factor maps and
evaluating their importance is done in an iterative process, and the factors used may be different for each
individual situation.

Step 5 - 7: Spatial Multi-Criteria Evaluation. We decided not to use the results of the weights of evidence directly
as the basis for the landslide susceptibility assessment, due to the inaccuracies encountered with the input data,
and with the landslide inventories, and due to inconclusive results from the statistical analysis. The importance
of the various factor maps should be explainable in terms of their contribution to landslide processes, and
therefore we decided to include expert opinion in the process through the SMCE process which consists of
several steps.
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1: Generating landslide inventories 2: Generating relevant factor maps

Existin ey o — ——— —
i Satellite Digital
irl.ﬂgﬁﬂ;lnis images Elevation
Model

.I mn‘ge Inter- Image =
pretation Classification Processing

Roads

= e
Coastline Elevatio

New landslide e —
inventories e Slope steepness

Distance Slope direction
calculation

Distanﬁe to

Roads e
Distance to Flow

coastline accumulation

Distance to
streams

Distance to
ridges

Statistical analysis

3: Exploratory statistical analysis Wei

5hts of
Evidence

) Tables for all
4: Selecting set of factor maps to use factor maps

Not good enough ’
Spatial Multi-Criteria Evaluation

5: Creating a criteria tree

Standardization

6: Standardizing the factor maps
Weights

7: Weighting the factors

Preliminar
susceptibility
map

8: Validating the susceptibility map

~ Success rate
Not good enough curve

Producing final map

9: Classification in three classes

10: Masking existing landslides

Road
susceptibility
map

11: Manual editing of map

Google Earth

12: Simplifying units

v

13: Calculating landslide densities

14: Cartographic map production

Figure 2-1: Flowchart of the method used for the generation of the national scale landslide susceptibility maps.
See text for explanation. See also: http://www.charim.net/use/83
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First we generated a criteria tree in which we grouped the various causal factors in groups. Then we standardized
the individual causal factors, based on the calculated weights of evidence. However, we used the calculated
weights as a guidance and in several occasions we decided to adjust these as they seemed to be more logical
based on our observations in the field and our knowledge on landslide occurrences. The standardization resulted
in values for each factor map ranging from O to 1

After standardization we weighted the individual factor maps and the various groups by comparing them with
each other and by assigning a certain rank to them. This resulted in weights which were also represented in a
range of 0 to 1. The last stage of the Spatial Multi-Criteria Evaluation was the generation of a composite index
map, which integrated the standardization and weighing for all indicators in the criteria tree, resulting a
susceptibility map with values ranging from 0 to 1.

Step 8: Validation of the susceptibility map. In order to validate the susceptibility map we combined the
composite index map resulting from the Spatial Multi-Criteria Evaluation with the original landslide inventory
maps. We then calculated the success rate, which indicates the relation between the percentage of the
susceptibility map ordered from the highest to the lowest values, and the percentage of landslides occurring in
the locations of these values. We applied different methods for analysing the success rate. We also carefully
analysed the spatial distribution of the susceptibility values visually in the map by overlaying it with a hill shading
image of the country and with the landslide inventory in order to evaluate whether the highly susceptible zones
were in accordance with our experience in the field, and with the overall geomorphological situation. When we
considered that this relation was not good enough or when the success rate was not good enough we decided
to go back to the selection of relevant factor maps and repeated the statistical analysis and the spatial multi-
criteria evaluation for other combinations of factors. So the landslide susceptibility assessment was an iterative
procedure, which was done until we were satisfied with the results. We also discussed the results with a landslide
expert (Jerome DeGraff) that was involved in earlier landslide inventory and susceptibility assessments on the
island, and also with a group of professionals from the country that visited ITC in the Netherlands during a period
of one month in spring of 2015. Based on their suggestions a number of modifications were made.

Step 9: Classification of the landslide susceptibility map. We used the susceptibility value map, and the success
rate to subdivide the map in three classes of susceptibility (high, moderate and low). The high susceptibility class
has the highest landslide density and the areas should be a small as possible and limited to those zones where
landslides have occurred in the past and are most likely to occur in future. The low landslide susceptibility class
is used for those areas where landslides are not expected to occur at all, or in very seldom cases. Moderate
landslide susceptibility forms the middle class, which should be kept as small as possible, as this is the class which
is neither dangerous nor safe, and further studies are needed before planning decisions can be taken.

Step 10: Masking existing landslides. The final map should also contain the areas where landslides have occurred
in the past. They should be included in the high susceptible zone, as it is possible that landslides may happen
again in these conditions, unless remedial measures have been adopted after the landslide occurrence. Therefore
the existing landslide inventories were used and the locations were masked as “high susceptibility”” in the map.
Zones immediately surrounding these were indicated a “moderate susceptibility”.

Step 11: Manual editing. The landslide susceptibility map with the added historical landslides still is in a shape
that is too generalized. This is due to the poor quality of the input data, and due to the nature of the analysis
method using a combination of statistical analysis and spatial multi-criteria evaluation, which use generalized
weights for maps applied to the entire area, whereas there may be exceptions that need to be taken into account
locally. Therefore it is important that the final susceptibility map is checked carefully and edited. This is done by
exporting the map to an external photo-editing software (CorelPhotoPaint) where it is possible to edit the three
classes using the Paint tool. The best is to do this on a dual screen, by comparing the map with a Google Earth
image and with a hill shading image overlain with the landslide susceptibility map, plus topographic information,
like rivers, roads, buildings etc. This way each part of the area can be visually checked, and the modelled zones
of high, moderate and low susceptibility can be adapted, so that they reflect the best situation according to the
mapping geomorphologist. If there is a landslide susceptibility map available that is made for the road network,
it is also relevant to use this map in editing the final susceptibility map. This is a rather time consuming activity,
but it allows to analyse the different parts of the map separately, and therefore obtain results that also are valid
for a local scale, and not only for a national scale.
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Step 12: Simplifying units. The manual editing of the susceptibility map is also done to simplify the susceptibility
units. After running the statistical analysis and spatial multi-criteria analysis, the resulting landslide susceptibility
raster map shows many small areas with different degrees of susceptibility. Sometimes the susceptibility differs
from pixel to pixel, due to variations in the input maps (e.g. slope classes may differ very locally). In order to be
able to use the resulting map as a basis for planning, the area should be subdivided into zones with different
likelihood of landslide occurrence. Therefore during the manual editing phases, areas are simplified, and
classified into one of the three classes, removing the large local variation. Also after completing the manual
editing process, still many locations with isolated pixels remain. These were subsequently removed in GIS using
a majority filter. The resulting landslide susceptibility map can also be converted into a polygon map.

Step 13: Calculating densities. One the final landslide susceptibility map has been obtained, it is now possible to
calculate the number of landslides in the three susceptibility classes. This is now not done anymore to validate
the map, as the historical landslides were included in the map in step 10, but now the aim is to characterize the
susceptibility classes in terms of landslide density (both in area and in numbers). If different event-based
inventories are available, it is also possible to calculate landslide densities for each of them, and if also frequency
information is available it is also possible to give an indication of the spatio-temporal probabilities (the density
of landslides per class for different return periods of the triggering event). It is also possible to calculate the
number of exposed buildings and other infrastructure if available. Especially the manual editing in step 11 allows
a much more realistic estimation of the exposure.

Step 14: Cartographic map production. The final stage of the landslide susceptibility assessment consisted of the
cartographic map production. Also a separate map with the landslide inventory itself was produced. The base
map was generated using a hill shading map generated from the Digital Elevation Model, together with the
drainage network, the road network, the buildings, airports, administrative units, names and other relevant
topographic information in order to make the map better readable. These maps are available as PDF’s on the
CHARIM webpage. Also the digital versions of the landslide inventories and the landslide susceptibility maps
were made available through the GeoNode.

2.2. Considerations for selecting this method

The method described above for the national scale landslide susceptibility assessment was selected based on the
following considerations:

The mapping scale. The maps are made at a scale of 1:50.000. This allows to represent the entire country into
one single map sheet. The map cannot be used for local scale or site investigation scale analysis, however, when
the editing of the map is step 11 is done carefully, the map can also be reasonable at the local level. The
application of more detailed methods based on physically-based modelling was not possible due to the lack of
sufficiently detailed soil information, and Digital Elevation data. For more detailed studies more information
should be available on soil depth and on the geotechnical and hydrological soil characteristics so that more
detailed types of analysis can be carried out. We decided also to exclude landslide run-out analysis at a national
scale as the available data was insufficient for that and the run-out zones are not that significant when looking
at a national scale.

The objective of the assessment.
Such national scale maps are intended to be used by the governments to:
e Serve as living and dynamic baseline map for the planning, design, management and implementation of
a long-term landslide reduction strategy. This map should be updated regularly as new/improved data
become available;
e Include them as a factor in national scale land use planning, by outlining the zones that are most
susceptible to landslides;
e Identify the areas where more detailed investigations are required for the planning of critical
infrastructure;
e  Form the basis for identification of the strategies to increase the resilience of the national road network
by prioritizing the development of contingency plans and required complementary studies during
planning and design of new infrastructure;
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e Use for the prioritization of creation of contingency plans for exposed communities;

e  Contribute to inform required expansions of the hydro-met monitoring system as well as monitoring of
landslides;

e Inform watershed management, environmental assessments and studies on environmental
degradation; and

e Be used to inform the planning of agricultural or mining activities that could increase slope instability.

The objectives mentioned above are such that the national scale landslide susceptibility should be used a baseline
information for national level planning, and for risk communication. The map should also be able to outline areas
that should be avoided in future developments, and the high susceptible zones are considered to be a basis for
restrictive zoning as a basis for building control, together with other hazard maps. The susceptibility map can
also be used together with susceptibility and or hazard maps for other hazardous processes (flash flooding,
coastal flooding, tsunamis, volcanic hazards, seismic hazards and wildfire hazard) as a basis for multi-hazard
assessments. The maps can also be used for analysing the exposure of the existing buildings, people and road
infrastructure.

The complexity of the area. The geology of the island is composed of volcanic rocks with strongly varying
composition, such as ignimbrites, lava flows, lahar deposits, and volcanic ashes. They are very heterogeneous
and have not been mapped in great detail. There is often a vague difference between the term rocks and soils in
engineering terms, as many of the volcanic deposits have a relative low degree of cementation and consolidation.
Also due to the intense tropical weathering unconsolidated materials may be very thick. These deposits may
sustain near vertical road cuts which are stable, however, when weathering is taken into account such road cuts
may cause problems in the future.

The available data. After a first inventory of the existing data we discovered that there were major deficiencies
with respect to the available data, both in terms of the available landslide inventories and with the available
factor maps for carrying out the analysis. The large heterogeneity of volcanic deposits is unfortunately not
portrayed in the available maps for the island. The geological map is rather general and does not focus on the
specific volcanic sequences and depth. The soil map is more detailed and show a large differentiation, but they
are focusing on pedologic soil characteristics for agriculture purposes.

The resources available. As the assessment was originally planned as a desk study, only limited time was
available for image interpretation and fieldwork. Nevertheless, after evaluating the problems with the existing
data we decided to spend more time in carrying out a detailed image interpretation for landslide
characterization, and also to involve a number of Master of Science students in the basic data collection. Also a
collaboration was established with the British Geological Survey that supported in the creating of land cover
maps and landslide inventory maps for some of the islands.
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3. Evaluating 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 triggered by which events. Intense rainfall is considered to be the most
important trigger of landslides. Even though there might be earthquakes occurring on the island, their expected
intensity is generally not considered to be high enough to cause substantial landslide problems. Also human
interventions may increase the susceptibility to landslides, e.g. through deforestation, clear cutting, improper
drainage practices, or slope cutting, but still a rainfall would be required to actual trigger the landslides.

3.1 Collection of existing data

In order to collect information on dates of historical disaster events a study was carried out using various sources
to reconstruct the major disaster events in the history of the island (see Figure 3-1). Disaster data was
downloaded from the CRED-EMDAT database (Guha-Sapir et al., 2015). The information in this database is rather
limited, and doesn’t contain specific landslide information

We visited the National Emergency Management Organizations (http://www.nemo.gov.lc/home/default.aspx)
but they had limited data about historical disasters in the country. We asked our local counterparts if there had
been searches using local newspaper records for the past decades, but unfortunately there weren’t any. We also
consulted the online media for the island, and especially the information on Saint Lucia News Online
(http://www.stlucianewsonline.com/) was very useful. However, information was only available for a limited
period of time. We also collected information from various other sources on the internet. Some of the best
sources for older information were Lockhart (1879) and 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.

— Scientific Technical
EM-DAT reports reports
P
reports

Step 2: Data from
emergency Step 3: Literature Step 4: Online media
management search search
organizations
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Step 7: Compilation of
hazard database

Hazard event
Step 8 Collecting database
rainfall data 1

Step 9: Collecting flood
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Rainfall ; Step 10: Data analysis Rainfall
records records

Vulnerability & Risk
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Figure 3-1: Overview of method for collecting information of past events.
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We also consulted http://www.hurricanecity.com/city/saintlucia.htm. Road maintenance and clearance reports
were obtained from the Ministry of Infrastructure, Port Services and Transport for several rainfall events. The
reports don't have any spatial references for the landslide locations, they only have the road sections starting
and end point where landslide clearance had been done and the amount of money spent for clearance. To locate
those areas and prepare them as geo-spatial dataset, the available high resolution images and thematic maps of
the island were used.

The preliminary results of the data collection on disaster events are presented in this section and all data are
aggregated into a single table (Table 3-2). The data covers a long period starting in the 18th century. For many
of the historical events it was possible to reconstruct the date of occurrence. This is important in order to
correlate these dates of occurrence with rainfall data for the same period.

Owing to the country's mountainous topography, volcanic geological formation and heavy rainfall St. Lucia is
affected by frequent flooding and landslides. Landslide occur in Saint Lucia on an annual basis, however, there
are years when the number of landslides is very large as a result of tropical storms or hurricanes. One of such
events was reported in 1938 when, within one-hour interval, two landslides developed in the Ravine Excricisses
and nearby Ravine Poisson areas, claiming 62 lives and causing 32 injuries (DeGraff et al., 1989). Tropical storm
Debby (September 1994) was also devastating in terms of landslides. Numerous debris flows were triggered,
resulting in severe losses to the infrastructure and 58% of the banana crop was destroyed (Rogers, 1997).

In 1999 a large slow moving landslide at Black Mallet / Maynard Hill in the southeast of Castries moved
approximately 80,000 m? of soil, which destroyed several concrete structures and ruptured public utilities.
Another landslide problem at Tapion located to the west of the City of Castries happened on September 26, 2004
when approximately 1,800 m? of colluvial material moved downslope, resulting in the destabilization of two
concrete structures and ruptured public utilities serving the community.

Hurricane Tomas was the worst recent event that struck the country, and happened on October 31 2010. The
country experienced a drought period longer than usual before the event, which caused severe damage due to
flood and landslides throughout the country. Statistically, windspeed that occurred in this event was a 1 in 15
year event. However, when considering the rainfall the return period was in the order of 1 in 180 years. The
disaster killed seven persons and injured 36. The total cost of the damage was estimated to be 336.2 million US
dollar which accounts for 43.4% of St. Lucia's GDP. The road infrastructure has suffered badly as result of
landslides, river bed erosion and river sedimentation. According to an estimation by the Ministry of Works of
Saint Lucia, the transportation subsector has incurred a total damage of 100 million Eastern Caribbean Dollar,
around 37.2 million US dollar (ECLAC, 2011).

Road sections around the Canneries, Soufriere and Dennery regions were mostly affected by this event. The
extent of the landslides and their effect was still visible in 2014 during fieldwork. For instance, four embankment
failures occurred in the Dennery region that destroyed almost half of the road in each failure spot. The failures
occurred with 500 meter intervals on average and now the road is being reconstructed (Figure 3-2). In addition,
the rock falls occurred in Soufriere region during this event were quite considerable. The falling rocks were on
average 1to 1.5 m?in size. Even though, there was no property damage, the road was closed for some time until
it was cleared of the rocks. Also landslides occurred in Canneries. This road section was also closed for some
time.

Figure 3.2: Landslides along the major roads of Saint Luéia, resulting from Hurricane Tomas that were still
visible in 2014

The Christmas Eve trough in 2013, occurred on December 24 2013. This disaster event caused the death of 6
persons and displaced 550. A total of 99.88 Million US dollar damage was reported from different sectors of the
country due to the disaster, of which 72% was sustained by transportation infrastructure sector (GSL & WB,
2014). Figure 3-3 shows some of the damage areas resulting from the Christmas Eve event in Saint Lucia, which
was more related to flash flooding than to landslides. A landslide inventory map along the major roads of Saint
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Lucia was prepared by Mott MacDonald (2013). The inventory mainly contain landslides occurred during
hurricane Allen (August, 1980) and hurricane Tomas (October, 2010).

il

{6eS

M |l Ll
AR

S

Figure 3-3: Some of the damaged areas during the 2013 Christmas Eve event. Above: landslides along the road
to Dennery. Lower Left: culvert failure leading to road collapse and two casualties along Micoud Highway in the

Southeast. Lower right: Bailey bridge due to bridge washout at Sapphire (Southwest).

Table 3-1: Landslide damage caused by the 2013 Christmas Eve event (data from Renata Philogene-McKie,
MIPST)

Location In:;gs;'t‘;ugc::re Des;)carln;:taug): of Quanitity (m3) Cost (EC$)
Morne Fortune Drains Land Slippage 50.00 $3,000.00
Barre D'Isle Road Land Slippage 297.33 $17,840.00
La Bayee Road Land Slippage 116.88 $7,012.50
Canaries Road Land Slippage 215.00 $12,900.00
Anse Gallet Road Land Slippage 33.33 $2,000.00
Anse Gallet/ Anse La Verde Road Land Slippage 41.67 $2,500.00
Anse La Verde Bridge Debris on road 25.00 $1,500.00
Anse La Verde Road & Drain Land Slippage 116.67 $7,000.00
Rock slide and
Backfilling to wall
Anse La Verde Road washed away 75.00 $4,500.00
Roseau/ Masscre Road & Drains Land Slippage 41.67 $2,500.00
Masscre/ Anse La Raye Road Land Slippage 33.33 $2,000.00
Anse La Raye/ Anse Gallet Drains Land Slippage 41.67 $2,500.00
Anse La Raye Drains Land Slippage 83.33 $5,000.00
Anse La Verde/ Canaries Drains Rock/Land slides 50.00 $3,000.00
Anse La Verde / Plas Kassav Drains Land Slippage 66.67 $4,000.00
Mon Repos Main Road Road Land Slippage 166.67 $10,000.00
Soufriere to Bouton Road Land Slippage 1,016.67 $61,000.00
Soufriere to Myers Bridge Road Land Slippage 550.00 $33,000.00
Belvedere/ Morne Roseau Road Land Slippage 950.00 $57,000.00

Landslides can also be triggered by earthquakes. Earthquakes in Saint Lucia derive from two different sources.
The Eastern Caribbean is a zone of subduction in which the Atlantic Plate pushes under the Caribbean Plate,
causing tectonic earthquakes, which may be quite large (a 7.4 Magnitude earthquake occurred in nearby
Martinique in 2007). The second source of earthquakes originates from the seismic events relating to Saint Lucia’s
origin as a volcanic island, a consequence of plate-tectonic forces (SRU, 2000). Earthquakes have not caused
serious disruption in recent times. There is little publicly available information on earthquakes in Saint Lucia
(1998, 2004), some of which have reports on a few landslides. However, in a study in the east part of Dominica
Andereck (2007) reported that local villages indicated that on a after an earthquake in 2007 a large number of
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landslides occurred, after a number of days with intense rainfall. According to Teeuw et al. (2009) there is a
possibility for a large earthquake-induced rockslides in the region that might even trigger a potentially dangerous
tsunami. Overall, there is a significant chance of earthquakes that may trigger landslides.

Another possible triggering factor for landslides are volcanic eruptions. Volcanic related debris flows (lahars) are
common processes during and after volcanic eruptions. There are several clear signs of continuing volcanic
activity in Saint Lucia, such as fumarolic activity, and hot springs. However, the probability for a magmatic
eruption is quite low (e.g. any time within the next 800 years). Therefore the relation with landslides as triggering
factor is not so relevant on the short term. Also it is not really possible to include the volcanic hazard maps in the
spatial planning, as the high hazard area cover many of the current settlements. There is a large level of
uncertainty as to the probability for new eruptions: when and where.

In conclusion, it appears that only tropical storms/ hurricanes and heavy rainfall events outside of the hurricane
season are the relevant triggering events for landslides in Saint Lucia. If it would be possible to establish a relation
between the magnitude of the event (e.g. hurricane category or associated rainfall amount), its frequency and
the number of landslides generated (or the density pf landslides within the various susceptibility zones) we could
make an estimation of the landslide hazard (probability of occurrence). This be attempted later on in this chapter.

Table 3-2 provides the compiled historical disaster data for Saint Lucia, derived from many sources. The table
also indicates for the various events whether there were indications of landslide occurrence, and if so whether
the location of the landslides are known. Unfortunately this is not the case for most of the events. It is quite clear
from this table that the landslide reporting becomes more frequent in recent years, and less and less information
on landslides is available when going back in time, whereas the data on tropical storms and hurricanes seems to
be much more constant over time. The underreporting of landslides is a big problem in trying to evaluate
landslide frequency/magnitude relations. Also because no proper landslide inventories are available for different
magnitudes of rainfall events. In the next section we will analyse the relation between landslides and rainfall.

Table 3-2: Historical disaster events in Saint Lucia collected from different sources. See also
http://www.charim.net/stlucia/historical

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
Landslides Ravine Excricisses and nearby
1938 22-11-1938 Tropical Storm Ravine Poisson areas, claiming 99 lives
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
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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
Landslides in Fond St Jacques, 6 persons killed
1960 10-7-1960 Hurricane Abbey and EC 4$ million damage
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 1985 map De GRaff
1988 11-9-1988 Tropical Storm Gilbert Landslides reported
1990 6-11-1990 NI Landslides More du Don
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
along roads. 3 persons killed, EC $ 250 million
1994 09-10/10/1994 Tropical Storm Debby damage.
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
and Flooding. Black Mallet/ Maynard Hill near
1999 7-10-1999 Seismic Event Castries: slow moving landslides. 80,000 m?
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
Landslides Tapion , 1800 m3 destroying 2
buildings rupturing pipes. Hospital out of
2004 26-9-2004 Seismic Event ? function for some time.
2005 1-7-2005 Heavy rainfall prior to the failure Landslide Windjammer Landing Beach Resort
2007 13-23/08/2007 Hurricane Dean NI
BGS landslide
Many landsides Colombette, Fond St Jacques, inventory
along the Barre De L'ile, Millet and on the hills Rock and Abrahams
2010 30-31/10/2010 Hurricane Tomas east and south of Castries landslide inventory
BGS landslide
2013 24-12-2013 Christmas Eve trough Several landslides along the roads inventory
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3.2 Rainfall analysis

Rainfall records from 18 stations were obtained for Saint Lucia. All the stations have records on daily and hourly
basis. Since the daily rainfall data contain longer period records than the hourly, the hourly records were not
taken into consideration. The daily rainfall records are available for a period ranging from 26 to 51 years on
different stations. For the purpose of this study, the stations with the longest record period (51 years) were
considered. Nine stations have 51 years record (1955 - 2005), these stations are: Barre De L'Isle, Barthe, George
V. Park, Mahaut, Mamiku, Patience, Soucis, Troumasse and Union Agricultural station. Nevertheless, all of these
stations have missing data in the middle, five of them even 25 % and more missing data. For instance, Mahaut
station has 9512 missing data i.e. more than 50 % of the expected 18628 records for 51 years. We decided to
consider only stations with fewer missing data for the analysis: Barre De L'Isle, Barthe and Union. Out of these
stations, Barthe and Barre De L'Isle were chosen for the final analysis, considering their spatial representation.
Barthe is located in the south west of the island and it is in proximity to the Soufriere region, with road sections
affected by frequent landslide occurrences. Barre De L'Isle is located in the middle of the island, which is also in
proximity to the other landslide susceptible road section i.e. Barre De L'Isle section of the east coast road. Figure
3-4 shows the geographical location of the stations on the island.

Many of the stations have been upgraded to full automatic stations from 2003 onward with measurements at 1
minute resolution. However of these stations, 2005-2008 were frequently missing and there are spurious values
(intensities impossible with respect to the maximum a tipping bucket can record which usually lies around 270
mm/h).

Due to the many data gaps in the records of the stations only two stations Barre De L’Isle and Barthe were
considered in Saint Lucia for the analysis. The analysis was made taking the annual daily maxima for each record
period, which resulted to 51 records for each station. Figure 3-5 shows the annual daily maximum rainfall of each
recording period in the two stations together with the known landslide occurrence events. The records show
that the rainfall in both Barre De L'Isle and Barthe stations are almost similar, with maximum annual daily maxima
of 464.8 mm and 482.6mm and average annual daily maxima of 121.7 mm and 124.7 mm respectively.

Completenes of daily rainfall data 1955-2005

. THIH |
w 16
s
= 14
%
212
o
8
£ 10
e
-
5 8
2 6
2 4
=
2
Nurs ey 0
) M~ [=2] - m w M~ [=2] — o %2} M~ h — o ("2} I~ (=1 -~ m ("} M~ [=1] - m (%3]
T s B s | [T+ T - I - B Y - Y- I e S B~ [y o foe] | o WL o o O o o Qo (=T~
o = @ S a O S ¢ L= - o O g o O g o O O o o Q o Q
-~ —~ —~ —~ ~ ~ —~ - - - - - — lal ~ — — — -~ ~ —~ ~ ~ o~ ~
Year

= 100% 99.9%-90% 90% - 0.01% ®mO0%

Figure 3-4: Location of rainfall stations on Saint Lucia and the completeness of the records from 1955-2005
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Figure 3-5. Annual daily maxima rainfall amount for two rainfall stations of Saint Lucia

3.1.1 Analysing the distribution of rainfall over the island

The climate of Saint Lucia is more variable than would seem at first glance. Its location in the trade wind belt
would lead to classification as a humid tropical climate (Walsh, 1985). However, the high central peaks modify
conditions leading to a highly seasonal climate on the western (leeward) coast and weakly seasonal on the
eastern (windward) coast (Rouse and others, 1986). The seasonal climate is characterized by rainfall occurring
mainly in summer and autumn. This is due to the close proximity of the Intertropical Convergence Zone (Walsh,
1985). With the Azores subtropical anticyclone being closer during the winter leads to a dry period. The high
mountainous interior of Dominica creates orographic uplift and associated instability which enhances summer
and autumn rainfall and generates significant winter rainfall (Walsh, 1985).

For the nearby island of Dominica, we analysed the rainfall variation over the island. The availability of a series
of rain gauges from a US research project called DOMEX made it possible to evaluate the trend of rainfall with
altitude. The DOMEX project installed 10 stations with data from 2008 to 2013 (Figure 3-6). The result plotted
rain data with elevation is note that the rain increases with increasing altitude (Figure 3-7). When comparing the
rainfall for the stations Rosalie (RO) and Melville Hall (ML) one the east sides, and Botanical Gardens (BG) and
Grand Fond (GF) on the western side (Figure 3-6) it is visible that on the eastern slopes the rainfall amount is
slightly higher. There is some seasonality to the rainfall distribution but the amounts typically range from 500 cm
to over 900 cm annually. This rainfall coupled with the island’s steep topography contributes to the increased
chance of landslide and floods. When considering the landslide distribution, more unstable areas are located on
the southern and south eastern slopes and on the highlands in the centre of the country. The result show that
the rainfall is generally higher on the eastern side, as hurricanes universally come from this direction
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Nr | Station East-West | Elevation
[masl]

1 Rosalie (RO) east 10

2 LaPlaine (LP) east 70

3 Grand Fond (GF) west 262

4 Freshwater Lake (FW) west 800

5 Boeri Lake (BL) West 877

6 Laudat (LT) east 592

7 Pont Casse (PC) west 650

8 Springfield (SP) east 400

9 Canefield (CA) west 4

10 | Botanical Garden (BG) West 30

Figure 3-6: Location of 10 rain gauges installed for the DOMEX project at different altitudes and sides of the
island in Dominica (Source: http.//www.domex2011.com/rain-gauge-network)
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Figure 3-7: Relation between rainfall and elevation on Dominica for different rain gauges.

From Figure 3-8 it is interesting to note that there is good correlation between the elevation and rainfall. Only
the 98t percentiles presents a lower correlation, perhaps this is due to a more chaotic pattern of rainfall during
extreme precipitation. It is noted also a more pluviometrical gradient as the percentile distribution increases.
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Figure 3-8: Percentiles distribution (from 75th to 98th) of rainfall-elevation relationship with related
interpolation line
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3.1.2 Evaluation of rainfall thresholds

Rainfall thresholds can be defined on physical (process-based, conceptual) or empirical (historical, statistical)
bases (Corominas, 2000; Crosta and Frattini, 2001; Aleotti, 2004; Wieczorek and Glade, 2005). The determination
of rainfall thresholds for landslide initiation is considered as a basic task in landslide hazard assessment, and
various methods have been proposed to establish rainfall thresholds (Dahal et al., 2008; Guzzetti et al. 2007;
Zezere et al. 2005; Giannecchini et al. 2012; Frattini et al. 2009; Crosta 1998; Corominas and Moya 1999;
D’Odorico and Fagherazzi 2003; Glade 2000; Godt et al. 2006; Marques et al. 2008; Saito et al. 2010). In general,
they can be classified into five threshold groups: (1) empirical; (2) physical-based; (3) intensity duration; (4)
normalized intensity-duration; and (5) antecedent rainfall. For rainfall threshold estimation, the four most
common variables used in the literature are as follows: daily rainfall (Dahal and Hasegawa, 2008), antecedent
rainfall (Glade, 2000), cumulative rainfall (Polemio and Sdao, 1999), and normalized critical rainfall (Aleotti,
2004). The selection of the right parameters in constructing rainfall thresholds is mainly dependent on the
landslide type (Martelloni et al., 2011) and on the environmental conditions. One of the largest difficulties when
using antecedent rainfall for landslide prediction is to determine the number of days to be used (Guzzetti et al.
2007). A detailed literature review revealed a complex relationship on the correlation between the numbers of
days for the antecedent rainfall with the triggering of a landslide. Different authors such as Glade (2000), Aleotti
(2004) considered antecedent days ranging from 1 to maximum 15 days. Zezere et al. (2005), Polemio and Sdao
(1999) considered until 180-day cumulative daily rainfall data. In summary, antecedent rainfall between 3 and
120 days could be significant for explaining the landslide occurrence (Dahal et al. 2009). The large variability on
the number of antecedent rainfall days may be influenced by factors such as (i) diverse lithological,
morphological, vegetation, and soil conditions, (ii) different climatic regimes and meteorological circumstances
leading to slope instability, (iii) and heterogeneity and incompleteness in the rainfall and landslide data used to
determine the thresholds (Guzzetti et al., 2007).

For rainfall threshold we did not have enough data to carry out the work in Saint Lucia, but we used data from
the nearby island of Dominica. In the case of Dominica we only have daily rainfall available for the period from
1977 to 2013, for two stations: Melville Hall Airport at 22 meters above sea level on the east side, and Canefield
airport on the west side at 4 meters above sea level. Based on the known landslide triggering days derived from
Table 3-5 we selected rainfall data from one of the two rain gauges depending on the nearest location (west or
east side of the island). Figure 3-9 shows, in log-mm scale, the rain that occurred on the day that triggered the
landslide (called Rainfall Event, Re) in mm on the y-axis, and the normalized antecedent rainfall (NAR) over 5 days
on the x-axis. We have normalized it for the average annual precipitation over 32 years. We were able to use 28
empirical rainfall days for known landslide initiation in Dominica, in a 38-year period (plotted in the figure as
orange points). The blue dots represent rain days without reported landslide events. The manually defined
threshold in blue represented in the graph is the minimum quantity necessary to trigger a landslide (Guzzetti et
al., 2007), and the blurred blue area that bounded the blue threshold is the uncertainty range which was
determined visually. The equation for the threshold follows an S-shaped curve with the following equation:

(3.20986 + 0.00853618j
Re =exp

(1)

NAR

Where RE is the rainfall of the event, NAR is the 5-days antecedent rainfall, normalized for the mean annual
rainfall over 32 years for the two rain gauges considered.

As can be seen in the figure 3-9 we have plotted both the events where landslides have occurred, and the events
that do not have reported landslides. Therefore, while analysing the result, we have in the area above the
thresholds, more false alarms that true alarms. This makes the application of such thresholds rather problematic,
for landslide hazard assessment in Dominica given the current availability of data. The poor separation of
landslide days from non-landslide days is probably due to several reasons. It could be that the rain (blue dots)
which falls above the line took place only around the rain gauge considered and the rest of island didn’t receive
the same amount rain to trigger landslides. Another reason could be that landslides weren't recorded. And also
the orographic effects that play an important role as we saw before are not taken into account.

Using data from volcanic terrain in Puerto Rico, Larsen and Simon (1993) proposed a threshold relationship
between rainfall intensity and duration: I= 91.46D°8¢, where D and | are the duration (h) and the intensity (mm
h1). According to this formula, a rainfall intensity greater than 91.46 mm h* over one hour will trigger landslides.
If the duration is 13 h, the critical rainfall intensity is 11 mm h! with a total amount of 143 mm. Smith et al. (2009)
conclude that with no orographic enhancement, the 13 h of accumulated precipitation would have been in the
range of 100-200 mm—close to the landslide threshold. In reality, the actual precipitation on the high terrain
exceeded 500 mm—several times the landslide threshold. It is obvious that the orographic effect is important
for producing landslides. However, when we are carefully examining the existing landslide inventories, it is also
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not very evident that the number of landslide increases with increasing elevation on the windward slopes.
Orographic enhancement of precipitation must be accounted for in forecasts of landslides.
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Figure 3-9: Landslide rainfall threshold for Dominica. RE is the threshold rainfall, and NAR is the 5-day
antecedent rainfall; the orange points are the reported landslide events; blue points are the rainfall days
without landslides, the blue line is the estimated rainfall threshold; the blurred blue area is the band of
uncertainty which was visually identified.

3.1.3 Rainfall frequency analysis

An important part of the rainfall analysis was to look at the extremes, but this cannot be done by regarding each
station as a separate entity, independent of the others. A major rainfall event should influence many or all
stations on the same date to some extent and it is assumed that a large daily rainfall cannot occur in one station
only. However, not all stations always record an event on the same day, sometimes a value is the sum of several
days, see Figure 3-11. This is an example of Tropical Storm Debby (9/9/1994). It shows that for some records, the
instrument has not been read for a number of days, and the rainfall is therefore an accumulated reading (stations
Cap and Hewanorra). It was therefore assumed that the maximum recorded daily rainfall in a 10 day period is
from the same storm event.

The daily records were extended by the automatic stations that functioned after 2006, which have recorded
rainfall in 1 minute time steps. Again these records were checked and corrected for spurious data, and translated
to annual daily maxima.

Initially Gumbel distributions were fitted to each station. A Gumbel distribution is a special case of Generalized
Extreme Value distributions, suitable for right hand skewed datasets (such as rainfall that cannot be less than 0,
but can have extreme maxima). The Gumbel distribution assumes a double logarithmic relation between the
maximum rainfall R and the return period T. The return period is the inverse of the probability P. As an example,
Figure 3-12 shows the Gumbel analysis of George V Park in Castries. The station is close to Bois d’Orange River
and Choc river, that are both known to flood occasionally. It can be seen that a Gumbel analysis linearizes a part
of the data, but the 6 highest values are not on the same line. When searching for the dates corresponding to
these days, it appears that the 4 largest at least are known class 5 hurricanes (NOAA Hurricane Database,
http://www.nhc.noaa.gov/).
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Figure 3-10: Rainfall stations on St Lucia. Left: stations represented as yellow dots are used
in the frequency magnitude analysis (1955-2005). Right: average annual rainfall, ranging from 1500 mm/year
(white) to 4000 mm/y (dark blue), by Marmagne and Fabregue (2013)

Barre
Day | Month | Year | Soucis | Delisle | Barthe Delcer | Errard | Hewanorra | Tr Union | UnionVale | Vigie
8 | Sep 1994 . . . 15
9 | Sep 1994
10 | Sep 1994
11 | Sep 1994
12 | Sep 1994

13 | Sep 1994 7] .- ' 03 | 11|
Figure 3-11: Example of station recordings for Tropical Storm Debby on 9 Sep 94. Arrows show likely delayed
readings.
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Figure 3-12: Example Gumbel analysis of maximum daily values of Barthe station and George V park station
(1955-2005). The four encircled highest values for George V park correspond from low to high to category 5
hurricanes: Aug-Sep 1960 —Donna; Aug-Sep 1980 —Allen; Sep 1988 —Gilbert and Sep 1967 —Buela. For Barthe the
highest values correspond with: Oct 1970 — Tropical depression 19, hurricanes Buela and Gilbert and May 1987
tropical depression 1.
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Two conclusions are drawn from this:
- The Gumbel analysis does not succeed in fitting the entire dataset of each station, the data is too skewed.
- The hurricane data is not enough for a separate statistical analysis, as there are “only” 4-6 years per station
with hurricanes and tropical storms.
It was decided to abandon Gumbel and use a Generalized Extreme Value (GEV) distribution fit. The equation has
more parameters that allow for a better linearization of the data (see e.g. Coles, 2001). Each station was fitted
with a GEV distribution. The parameters of the distribution are given in Figure 3-13. The stations are grouped
with respect to their location on the island: the near coastal stations in the east (E), the near coastal stations in
the west (W) and the stations further from the coast towards the centre of the island (C). This grouping was done
to explore if there are differences relative to the position of the station. According to Klein Tank et al. (2009), mu
and sigma are location parameters that are surprisingly stationary and can be averaged for different stations,
while k is a shape parameter that has a more local nature. Figure 3-14 shows the curves using the averages of
the fit parameters k, mu and sigma: it can be seen that the east and west of the island show very little difference
in return periods structure, while the centre of the island has much higher daily maxima for the same return
period values.
It was decided to simply use the average of the fitting parameters of all stations. Because there are 12 coastal
zone stations and 5 inland stations in the dataset, this gives a weighted average, i.a. the coastal zone stations
dominate. This was considered acceptable as most inhabitation is in the coastal zone.

nr days Generalized Extreme Value Distribution
Station k  sigma mu n max P active|loc. N
Edmund 02 573 1131 21| 4500 6325|C e
CARDI 05 199 745 21| 403.0 4841|c AT
Barthe 0.4 315 860 52| 4826 17991|c i contmeus lesgenparama
Barre de Lille 0.2 493 652 54| 4648 16862|C Domain
Errard 03 520 1032 19| 429.2 6453|C I N
Vigie 04 257 819 21| 2701 7670|E L
UnionVale 02 373 835 30| 2685 8629 |E
Union 02 324 871 54| 2934 18237|E Probabilty Density Function
Soucis 03 237 695 36| 249.2 11019|E Il“" e et e
GeorgeV Park 02 282 819 44| 3289 14421 E P
Delcer 01 533 847 21| 2449 7150|E l & o=z~ exp(=) k=0
Cap 0.2 382 823 44| 3048 15258 |E
Troumasse 0.1 47.8 842 45 3363 12739|W Cumulative Distribution Function
Patience 0.1 30.0 82.6 52 343.8 17286|W o {exp: (+kzy V%) k=0
Marquis de Bab. 0.1 39.6 86.6 47 345.2 14454|W ep(-ep(=2) k=0
Mahaut 0.1 435 932 28 2809 9116|W
Hewanorra 0.1 39.4 868 21| 2453 7670|W where #2775~

Figure 3-13. Left: GEV distribution fit parameters for 19 stations. The indication E, W and C corresponds to
stations near the east coast, near the west coast and closer to the center of the island. Right: GEV equations.

Looking at the GEV analysis of the other islands in CHARIM (Grenada, St Vincent and the Grenadines, and
Dominica), a north south gradient can be clearly seen in the design storm depth based on the GEV analysis of
daily maxima. A possible explanation lies in the nature of hurricanes and severe tropical storms, they cross the
Atlantic at the equator and veer north due to Coriolis forces. They influence local weather systems as well, which
possibly leads to a North-South gradient in amount of rainfall in the Caribbean. However it should be noted that
apart from Saint Lucia, the other islands have only 1 or 2 stations with long records, normally near the airport or
the capital. A north-south trend should be seen as a possible indication at best.
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Figure 3-14. Left: GEV analysis of stations in Saint Lucia. The coastal zone stations for the east and west side of
the island are not significantly different. Right: the corresponding return period T and average daily maximum

values used in the hazard analysis.

450 -
400 -
350 -

300 +

250 - 1:5year

200 1:10year

150 m 1:20 year

100 - m 1:50 year
50 +

Grenada (n=1) Saint Vincent  Saint Lucia  Dominica (n=2)
(n=2) (n=17)

Figure 3-15. Return periods and daily maxima from GEV analyses of rainfall stations at the 4 islands in CHARIM.
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4. Landslide inventory mapping

Landslide inventories are the basis for assessing landslide susceptibility, hazard and risk (Soeters and Van Westen,
1996; Aleotti and Chowdury, 1999; Ardizzone et al., 2002; Dai and Lee, 2008; Galli et al., 2008; Van Westen et al.,
2008). 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 landslides happened in the past. The conditions under which landslides happened in the
past are analyzed and the relevant combinations are used to predict future ones. 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. In a tropical environment such as
Saint Lucia 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 also difficult to
interpret from images, when the image is taken more than a few months after the landslide occurrence. 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.

4.1. Available landslide inventories
In many of the eastern Caribbean countries there is no single agency that has the responsibility for maintaining
a landslide database. This is one of the major problems in Saint Lucia as well. No agency feels responsible to
collect landslide locations and dates, and keep a database up-to-date. The National Emergency Management
Organization (NEMO) doesn’t seem to maintain a database of emergencies. This is the case both for mapping
landslides in the rural areas, as well as for collection landslide data along the road network. The Ministry of
Infrastructure, Port Services and Transport does collect road maintenance reports, and also keeps these records
for a number of years. However they are not converted into an updatable landslide database. Therefore the
valuable data on landslide locations and occurrence dates is quickly lost. However, 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. For Saint Lucia there are relatively more landslide reports available than for the other
CHARIM countries (See Table 4-1).
The baseline study for landslides in Dominica is the work carried out by Jerome DeGraff from the US Forest
Service for the OAS in 1985. He carried out detailed image interpretation of landslides using stereoscopic image
interpretation of 1:20,000 scale black and white aerial photographs, which were taken in 1984, so five years
after the occurrence of Hurricane Allen, which was very destructive in Saint Lucia. The aerial photos covered the
entire island with the exception of a mile-wide strip from north to south in the east-central part of the island.
DeGraff differentiated mapped landslides with a minimum size of 2000 m? and also differentiated between main
landslide types (fall, slide, flow). He also carried out extensive field checking in 1985. DeGraff mentions in the
report (DeGraff, 1985) that in this environment it is difficult to identify landslides that are older than a few years.
He indicated that rockslides and rockfall are frequent along the cliff coasts, and that most of these slope are
considered landslide prone. Also inland cliffs in ignimbrite present frequent rockfall problems. Debris slides are
also common, but the main landslide type is debris flows. DeGraff also carried out similar work in Dominica and
St. Vincent. Table 4-2 summarizes the results. Figure 4-1 shows an example of one of the landslide inventory
maps. Unfortunately these were only available as scanned maps. The landslides were digitized and included in
the inventory of 1995 by Rogers. The inventory is expected to represent the situation caused by hurricane Allen
in 1980.
In 1995 a landslide susceptibility map was generated by Rogers (1995, 1997), based on landslide inventory data
from DeGraff, plus additional landslide mapping: airphoto-interpretation of black and white 1:10,000 scale
photos of coastal regions from 1991, and field mapping after tropical storm Debby in September 1994. Rogers
produced a debris flow susceptibility map using the above mentioned inventories, based on grids of 200 by 200
m. She used four critical factors for debris flow susceptibility assessment: slope gradient, slope curvature, rainfall
(mean annual precipitation) and soil type, and used a weighting approach. The resulting debris flow susceptibility
map does not reflect current conditions anymore (See Figure 1-1). The landslide inventory map is available as a
point map. However, the map seems to have a significant positional error, as in many locations landslide points
do not seem to be located in sites where landslides could have occurred.
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Table 4. 1:

Available landslide work in Saint Lucia

Year

Author

Landslide
inventory?

Characteristics

1985

DeGraff

Only as
scanned
paper maps

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. The landslides
points are included in the one from 1995

1995

C. Rogers

Yes, as
points

Post Tropical Storm Debby landslide hazard assessment study. The map
incorporates the landslides mapped by DeGraff (1985), and new ones were
added by Image interpretation for the period 1985 — 1991, and fieldwork
after Tropical Storm Debby (1994). Landslide inventory available. Landslides
were mapped as points

1998

Hunting Technical
Services and Mott
MacDonald

No

Watershed and Environmental Management Plan Phase Il Final Report.
Funded by the World Bank following Tropical Storm Debby. 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.
Anderson and
Holcombe (2013)

No

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 book published in 2013.

2006

CDB/CDERA

No

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.

2010

Abraham and
Rock

Yes, as
polygons

They mapped the landslides from hurricane Tomas from a high resolution
RapidEye image, and produced a digital polygon-based inventory map

2012

P. Quinn and Alex
Strouth for BGC

Yes, as
points

They collected landslide information along the national road network. He
also generated a landslide susceptibility map on a national scale based on
the inventory used in the CDB/CDERA study

2014

Mott MacDonald

Yes, as
points

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

Yes, as
polygons
maps

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 1025 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.
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Figure 4-1: Example of the landslide inventory map prepared by DeGraff (1985) for an area along the road from
Bexon to Dennery. Unfortunately no digital landslide inventory map was available in GIS format.
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Table 4-2 Number, size and area disturbed by past landslides on three islands mapped by DeGraff in the 1980’s
(from DeGraff et al., 1989).

Island Number of | Landslide Size in hectares Landslide Terrain
landslides Average Largest density (per | disturbed (in
km?) percentage)
St. Vincent 475 0.5 4.0 1.4 1
St. Lucia 430 3.0 5.0 0.7 2
Dominica 980 4.0 125 1.2 2

After Hurricane Tomas, Rebecca Rock from the Forestry Department and Andrina Abraham, Cartographer and
GIS Specialist working at the Ministry of Finance, Economic Affairs, Planning & Social Security, carried out an
inventory mapping of the landslides triggered by the hurricane, using a RapidEye image taken shortly after the
event. Although not being landslide experts, they did a very good job in mapping landslides (Figure 4-2).
Unfortunately there were severe problems with the geo-referencing of the satellite image, and we were not able
to remove all the locational errors caused by this. Therefore the inventory of Abraham and Rock doesn’t match
well with the later inventories.

Figure 4-2: RapidEye image from 2011 showing the large number of landslides triggered by the 2010 Hurricane
Tomas, and which was used by Abrahams and Rock to map the landslides. Note the distortion in landslide
location due to problems in georeferencing the satellite image.
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Also extensive work has been done on community-based landslide management in Saint Lucia (Anderson, 1983;
Anderson et al., 2011; Holcombe and Anderson, 2010; Holcombe et al., 2011; Anderson and Holcombe, 2013).
The Management of Slope Stability in Communities (MoSSaiC) project aimed to increase local capacity-building
in the broad area of slope stability whilst simultaneously seeking to minimise resource expenditure, and achieve
the vision by identifying key environmental project foci that can be undertaken by existing government-based
staff and local communities. The goal was to establish team structures that are key to delivering the vision - a
management team that develops and communicates the vision; field teams that develop project strategies and
implement specific project plans. The project had three objectives: to control water on cultivated slopes in order
to reduce soil erosion and landslide risk; to establish a trial site at which low-cost, appropriate drains could be
installed; and to develop an integrated drainage plan involving perhaps as many as 15 farmers. The MoSSAIC
project was active for a number of years in Saint Lucia and worked closely with communities on the steep slopes
surrounding Castries. Yet, when we visited Saint Lucia in 2013-2015, the government officials didn’t seem to
know about this project. More information on the MoSSaiC project can be found on: http://mossaic.org/
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Figure 4-3: Explanation about the MoSSaic project in an information pamphlet. Source: http://mossaic.org/

After Hurricane Thomas a number of initiatives were taken to address landslide hazards along the road network
(Mott Macdonald, 2013). “Landslide hazard assessment has been completed at a network scale and site specific
scale in a number of stages to allow a comprehensive understanding of the landslide hazard to be developed.

A landslide susceptibility map has been created using the existing database within the geographical information
system (GIS) to assist with targeting more detailed assessments for the road network (See Figure 4-4).

At the network scale a density analysis of the landslides that occurred in response to different storm events has
been attempted to try and evaluate the hazard that is caused by different storm events. The assessment reviewed
landsliding following Hurricane Allen and Hurricane Tomas and presents the results as the density of

landsliding along different sections of road following the different events. The results show many more landslides
occurred along the primary road network during Hurricane Tomas compared to Hurricane Allen which may be a
result of the higher rainfall during Hurricane Tomas. At the site scale a geomorphological assessment has been
completed by interpretation of 2009 air photographs to identify historical and recent landslides along the
network. This air photograph interpretation was then ground truthed by visiting the sites to confirm the desk
based assessment was correct and to improve the accuracy of the mapping. Areas along the primary road network
have also been zoned to identify slopes adjacent to the road where similar ground conditions, environments and
morphology may lead to similar landslide events and ground movements. The zones can assist in highlighting
landslide hazards in areas of slopes that may be identified as low landslide risk using the risk matrix approach
described below. The zones will assist with network management” (From Mott MacDonald, 2013).

31| Page



| Natural Hazard Assessmeni by Watershed
Hazard Matrix VERL 1S
roktudina T P fwirL s WHPL LS
pper yment I
Middle Catchment |
Lower Catchment | =T | |
WR - Water Resource Deficits | 7 U
FL - Flood Risk Prone ()
LS - Land Slide Prone | et T
) Ay, L
Risk Level:  High [ WHFL LS YN WAL
Medium [ 1 : 3 (J |
Low * . ' y |
\ b 2; e |
‘ ! ) N‘
4 s i | |
I 4 5 )
|
‘ | =
| mr
| | ! f
| weris
| . e
Lnl =fsia 170 =L, | 5
| Wi, LS £ o if
| | - s
éi | a ‘ WRFLLS  WRFLLS
g: | -] 4 o W 138
| 5 £ ———_—
H =
. Primary Road Network DedGraff density AbrahamMi dansity
—Q—- Bactions for dansity work nio_ km ofroad  no. ki of read
fm— Ao La Raye - Castries 037 1.28
pum— Baire da Llsle 275 12.3
[ Canaries - Anse La Raye 042 118
[ Castries. 0z 043
e Casiries - Gros lslet 0.00 0.00
[ Casiries - Bane de L'sle 024 276
s Cheiseul - Soufiiers 035 226
s Dennery - Micoud 024 045
e Grand Riviere - Dennary 067
fr— |_sborie - Cholsel 07
[ Micoud - Vigus Fort 0.45
[ Soufriera - Canaries 128
e 4 fioux Foit - Laborie 0.00
Elevation {m asl)
e Lo
Agreed s octons
o Manians
[T P ek sunss
‘Primary road nstwork
—— B cacnet
e
—— wanune
—— Milentum Hghuzy
-»:-m—-‘ Scaegas | Landslide Risk Assessment for Figure 2.1: 0' L 2| 4' 5 8' I|0 Klometers
T o ‘ 1125000 | SamtLucia’s Frimary Road Network | Conceptual design site location plan

Figure 4-4: Above: Resulting map from the study by Hunting Technical Services and Mott MacDonald in 1998.
We did not find the original study but this figure was used in Mot Macdonald (2013). The map shows the
relative risk for flooding and landslides in the upper, middle and lower catchment areas. Below: Results of
landslide risk assessment work carried out by Mott Macdonald (2013). Left: sites studied in detail, Right:
national landslide susceptibility along the road network.
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4.2. lLandslide inventory mapping carried out by BGS in 2014
Some of the available landslide inventories presented in the previous section are relatively old, and other have
positional problems. Therefore it was decided to carry out a detailed landslide inventory that complements the
earlier ones, and that portrays the current situation, incorporating also the older landslide inventories into a
single new and comprehensive analysis.
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 (Van Westen et al., 2008):

e Image interpretation from aerial photographs, high resolution satellite images, or hill shading images
derived from detailed Digital Elevation Models. Also image interpretation using multi-temporal images
from Google Earth has become a useful tool for landslide inventory mapping.

e (Semi) automatic classification of landslides from satellite images or Digital Elevation Models.

0 Based on spectral information by detecting fresh landslide areas from multi-spectral satellite
images;

O Based on altitude information by detecting landslides from multi-temporal high resolution
(LiDAR) DEMs, or through radar interferometry

e Field investigation, by mapping landslide signs, scarp area, accumulation areas, and verification of
landslides mapped through image interpretation and/or classification;

e  Community reporting, by interviewing local people on locations, dates and impacts of past landslide
event;

e Archive studies, by studying newspaper archives, old reports, road maintenance reports etc., as
explained in chapter 3.

Pleiades image Pleiades image Pleiades image Pleiades image _ Pleiades
2013 2013 2012 2011 image 2010
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Figure 4-5: Schematic representation of the procedure followed from landslide inventory mapping in Saint Lucia
by BGS (Jordan et al., 2015)).

Landslide inventory mapping was carried out by the British Geological Survey. Their team (Colm Jordan, Stephen
Grebby, Tom Dijkstra, Claire Dashwood and Francesca Cigna) carried out landslide inventory mapping and land
use mapping for Saint Lucia. The following section comes from their report (Colm et al., 2015). This document
specifies the EO information products / services delivered to the CHARIM project in the framework of the
European Space Agency (ESA) “eoworld 2” initiative. The following pages (34- 48) are taken directly from the
report of BGS, and since it was intended to contribute to the CHARIM project (Jordan et al., 2015),

Ceological Survey @ esa @ 2owerld 2

MATURAL ENYIROMMENT RESEARCH COUNCIL
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4.2.1 Method
Through the EoWorld 2 project the BGS obtained also a number of images. RapidEye images from 2010, 2011,
2012 2013 and 2014 and one Pleiades image from 2014 were available for interpretation and landslide inventory
establishment for St Lucia (Figure 4-6). The satellite images are affected by variable cloud cover, particularly the
2010 and 2014 RapidEye for St Lucia. The SE quadrant of the 2013 RapidEye image for St Lucia was of particularly
poor quality and this affected determination of small landslide events.

RapidEye

2012 2013
Figure 4-6: Available satellite images for Saint Lucia

The establishment of landslide inventories for St Lucia and Grenada is based on the interpretation of satellite
images covering the period 2010-2014. For most of this period RapidEye images are available. Images from the
Pleiades satellite are only available for 2014. Landslide activity can result in the disturbance of vegetative cover
and exposure of soils at the surface. This spectral signature is combined with an assessment of other information
such as position in the landscape, slope morphology, vegetation cover, etc. to interpret the satellite images and
create outlines of landslide events. The distribution of landslides for each image (year) was captured manually
by skilled operators and the results stored in one event database. The attributes stored for each event are shown
in Table 4-3. The interpretation of potential landslide sites was analysed throughout the complete image
sequence. This enhanced confidence in the mapping process, particularly if polygons are visible in several images.
This approach also helped to reduce the negative effects of cloud cover and occasional poor image quality (e.g.
the SE quadrant of the 2013 RapidEye satellite image of St Lucia). It is theoretically possible to capture a landslide
spectral signature automatically, but our experience has shown that this leads to an over-representation of
cultivated fields necessitating supervised re-classification of every polygon. It was therefore decided not to
pursue this approach.

The RapidEye images are available at a resolution of 5 m while the Pleiades image was pansharpened to a
resolution of 0.5m. Determination of landslide events at 5 m resolution is not very reliable and results therefore
in rather low confidence mapping. However, when polygons persist into the 2014 Pleiades images, much more
detailed interpretation can be achieved leading to greater confidence in the mapped product.

The project imposed scale limitations pre-determined that the landslide inventory should be established at a
scale of 1:20,000 with key areas (no more than 50%) at 1:10,000 for St Lucia. This scale limitation affects the
mappable minimum size of landslides. Based on the experience of mapping landslide polygons in St Lucia using
the Pleiades high resolution images as guidance the following limitations apply. At a scale of 1:20,000 the
minimum mappable size is approximately 30 by 30m or 900m?. At 1:10,000 this enhances to mappable polygons
of about 15m side lengths (225m?2). At a scale of 1:5,000 it is possible to map elements with effective minimum
dimensions of about 10m (100m?), depending on the terrain. Closely grouped small events were sometimes
visible and these have been mapped as landslide clusters. The database therefore contains some polygons that
contain several events (too small to map individually).

Considering the difficulties encountered in mapping landslide polygons at 1:20,000 scale this project adopted a
pragmatic (though time-consuming) approach where the landscape was interpreted at 1:5,000 scale (or an even
more detailed scale where features were uncertain). Outlines were then up-scaled (i.e. generalized) to be
representative of polygons at 1:10,000-scale (this is a standard BGS approach). As a consequence of this practice
it was possible delineate landslide events in the size range smaller than 1000 m? (approximately 100 events) and
this has resulted in a more ‘complete’ landslide inventory.
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Table 4-3: Attributes stored for each landslide event in the multi-temporal cumulative inventory

Description Name Type length | information

Landslide ID LID Number | 7

Location district DISTR Text 30 District name

Location Locale LOCAL Text 30 locality name

Mass movement type | TYPE Code 2 .. (not entered), FL (flow), SR (rotational slide), SP (planar slide),
SU (undifferentiated slide), FA (fall), TO (topple), SP (spread), UN
(undefined)

Morphology MORPH | Code 1 L, S, T, A (Landslide undifferentiated, Scarp, Transport zone,
Accumulation zone)

Confidence CONF Code 1 H, M, L

2010 2010 Code 1 N, I, A (Not present - no slide visible, Inactive - the slide can be

recognized but no activity suggested by disturbed vegetation or
bare surfaces, Active - slide shows clear signs of recent activity in
the form of disturbed vegetation, etc.)

2011 2011 Code 1 N, I, A (Not present - no slide visible, Inactive - the slide can be
recognized but no activity suggested by disturbed vegetation or
bare surfaces, Active - slide shows clear signs of recent activity in
the form of disturbed vegetation, etc.)

2012 2012 Code 1 N, I, A (Not present - no slide visible, Inactive - the slide can be
recognized but no activity suggested by disturbed vegetation or
bare surfaces, Active - slide shows clear signs of recent activity in
the form of disturbed vegetation, etc.)

2013 2013 Code 1 N, I, A (Not present - no slide visible, Inactive - the slide can be
recognized but no activity suggested by disturbed vegetation or
bare surfaces, Active - slide shows clear signs of recent activity in
the form of disturbed vegetation, etc.)

2014 2014 Code 1 N, I, A (Not present - no slide visible, Inactive - the slide can be
recognized but no activity suggested by disturbed vegetation or
bare surfaces, Active - slide show

Field check FIELD Text 50 Free text

The clarity and detail offered by the high resolution (0.5m) Pleiades has been used to carry out detailed
investigations of a limited number of individual sites and events. In combination with other data (landuse,
topography, etc.) it is possible to generate highly detailed geomorphological maps that not only show the spatial
extent of an event, but also can be attributed with information on the likely nature of deformation and, in
combination with other images, a timeline of event progression. This level of detailed interpretation falls outside
the scope of work for this project but is discussed in case studies in this report to highlight the significant
additional value of these new, high resolution products.

The opportunities to capture landslide event outlines is strongly linked with the time period between trigger and
image capture. The use of a multi-temporal image stack therefore provides the best opportunity to achieve
‘completeness’ of the database. The database can then be used to evaluate how quickly a landscape recovers
and what the consequences are of subsequent trigger events. For Saint Lucia, the time series captured two major
landslide trigger events; the 2010 Hurricane Tomas event and the 2013 December Trough. This has led to
important insights into changes in the annual inventories as the landscape firstly recovers and then gets
disturbed at a later date.

Two previous inventories were available for comparison with the present dataset. In 1995 some 713 events were
identified, whilst an inventory created following 2010 Hurricane Tomas captured 1132 landslide events. The
current multi-temporal inventory covered the years of 2010-2014 and contained 1233 landslide polygons that
have been classed as active (fresh signs of landsliding) or inactive (no evidence of active movement, but still
recognisable landslide features) at least once during this period. Generally, each polygon represents a single
event. However, where clusters of very small events (dimensions smaller than about 5m) are encountered, a
single polygon can represent more than one landslide. There are considerable benefits offered by a sequential
analysis covering several years, including a reduction in the effects of cloud cover, a better insight into
persistence of features and a more comprehensive capture of events. Any year looked at in isolation is likely to
result in fewer events being recorded.

35| Page



er ab'\["g.

il
syste™ ==
@ . B
° - — S ] 2T
=t ystem vulnerabl!lly 2 i
= - i = -
c 5 = = i X R
o = .. Response
£ 3 o 2 P
o .. Respanse o
3 P = 3
= [$]
5 £
i [}
_Recurrence Time = -
" WRecurrence | Time
Recovery
Recovery "

(A) (B)

Figure 4-7. Landscape recovery versus trigger event recurrence. When recurrence exceeds recovery, relatively
stable system vulnerability can be assumed (A), but when recovery exceeds recurrence, system vulnerability is
likely to increase significantly. (From Dijkstra et al., 2014)

The 1995 landslide event database is largely based on field observations. This resulted in the capture of many
events along roads and relatively few events in the forested areas where access is very limited. This database
was checked against the multi-temporal inventory and relatively little overlap was encountered. Even taking into
consideration the large time gap between the 1995 and 2010-14 inventories it is an indication that field capture
and satellite image interpretation of events result in different populations and should be regarded as
complementary activities.

The 2010 inventory captured the events generated by Hurricane Tomas and is based on satellite image
interpretation. It appears that the use of ‘bare earth’ automated classification provided an important
contribution to the establishment of the landslide inventory. As a consequence, the difference between this
inventory and our multi-temporal inventory is considerably larger than the numerical difference between the
two.

4.2.2 Field verification
During a 6-day field visit to St Lucia more than 650km were covered and as many landslides as feasible were
visited. Many rural roads were still blocked as a consequence of landslides generated during Hurricane Tomas
and the 2013 December Trough hampering access to landslides in the interior of the Island. The field verification
emphasised the importance of satellite image interpretation. Many of the mapped landslides are some distance
away from roads. Gaining access to these sites in the field is very laborious and the road network does not reach
very far inland. In addition, many of the smaller rural roads in the interior were dramatically affected by landslide
events triggered by Hurricane Tomas and the December 2013 Trough. It was therefore often impossible to reach
landslide sites beyond those that cut off the roads.
In conclusion the following observations are drawn regarding the use of satellite images for landslide inventory
establishment for St Lucia:
e Landslide signatures in St Lucia are recognisable by skilled operators
e Observations are limited by clouds, not by road access, enabling much more comprehensive coverage
e The current database is constrained by scale (1:20,000 and 1:10,000) and identification of events at
more detailed scales is possible, particularly with recent Pleiades images at the resolution of 0.5m
e Minimum landslide dimensions in the database are approximately 200 m? and many smaller events are
known to have occurred
e Verysmall (<5 m)and obscured (in the shade, on steep slopes, below overhanging vegetation) landslides
are difficult to capture
¢ Small events can still have a significant impact on lives and livelihoods and recording these through
different means will complement the database
e Automatic classification is, at present, not conducive to establishing a reliable record
e Temporal proximity of trigger event and satellite image acquisition affects the number of events that
can be captured
e  Multi-temporal inventory establishment enhances the number of events captured and can be used to
establish derived products such as landscape resilience and hazard assessments
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e Landslides triggered by Hurricane Tomas (2010) were rapidly covered by vegetation indicating a rapid
rate of recovery of the landscape, but many events were re-activated during the 2013 December Trough
indicating a still heightened sensitivity of the landscape to disturbance

e Extending the multi-temporal record with ongoing acquisitions will create further insights into
landscape response and this will be vital in establishing relevant hazard and risk assessments

e Field verification remains an essential tool to ascertain validity of image interpretations

4.2.3 Results

RapidEye and Pleiades images were available for interpretation and landslide inventory establishment. The
RapidEye images are available at resolution of 5m while the Pleiades imagery was pan-sharpened to a resolution
of just 0.5m. Visibility of a feature is also dependent upon terrain slope. On very steep slopes the plan dimensions
of an event may be much larger than the minimum dimensions discussed above, but the intersection with a near-
perpendicular view may become so small that detection is not feasible. Dimensions of the polygons are taken
from a ‘flat’ map and are not adjusted for slope. These simplifications affect the cumulative frequency-area
distribution.

Landslide activity can result in the disturbance of vegetative cover and exposure of soils at the surface. Many of
the landslides in the inventory were triggered by Hurricane Tomas (30/31 October 2010; Pmax ~ 400-600mm).
This hurricane was of an intensity comparable to a 1:180 year event, but as it was preceded by drought conditions
it is estimated that the combined likelihood ‘drought/rain’ exceeds 1:1000 years (ECLAC, 2011). As a
consequence, the resultant disturbance of the landscape was much more severe than could be expected on the
basis of the severity of the hurricane alone. ‘Landslide’ is a generic descriptor for slope movements including
rotational slide, planar slide, debris flow, mud flow, debris avalanche. Generally these take place in deeply
weathered materials, where for dry soil conditions a rapid infiltration can lead to a sudden loss of strength, the
initiation of slope deformation and a rapid transition from sliding to flow.

To map a particular landform as a landslide requires a landslide scar and/or landslide deposits to be visible on
the satellite image. Mapping of landslide events is in the first instance on the basis of simple spectral/colour
signatures. In the case of the relatively low resolution RapidEye images this is not very reliable and results
therefore in rather low confidence mapping. The better resolution offered by the Pleiades image enables much
more detailed interpretation leading to much higher confidence in the final mapped product. As this exercise
involved the establishment of a multi-temporal landslide inventory, the detailed Pleiades image could therefore
be used to enhance the overall confidence of the final product. As the differences between exposed soils and
vegetated surface are quite distinct the use of automatic classification of ‘bare earth’ sites was tested in a part
of Saint Lucia to aid the landslide identification process, using the 2011 RapidEye image as a pilot study. However,
it was found that this approach leads to a large over-estimation of the areas affected by landsliding. Many
cultivated fields are included in this automatic classification. The additional effort involved in fine-tuning the
classification outweighed the benefits for image interpretation and therefore it was not pursued for other
images.

General practice of mapping landslides is to investigate at a more detailed scale and then upscale to the desired
level of detail. This enhances the confidence that the features are mapped correctly. The practical approach to
this project therefore involved mapping the whole Island at a scale of 1:10,000 or at an even more detailed scale
where features were uncertain. Outlines were established on the basis of representation at 1:10,000-scale. As a
consequence of this practice it was possible outline landslide events in the size range smaller than 1000 m?
(approximately 100 events) and this has resulted in a more ‘complete’ landslide inventory. However, with its high
resolution of 0.5m the Pleiades images offer interpretation of the landscape at much greater detail and there are
therefore opportunities to enhance the capture of landslide polygons, both in detail of feature outlines and in
number of small events (covering less than about 100 m?). The Pleiades images also offer detailed investigations
of individual sites and events. In combination with other data (land use, topography, etc.) it is possible to
generate highly detailed geomorphological maps that not only show the spatial extent of an event, but can be
attributed with information on the likely nature of deformation and, in combination with other images, a timeline
of event progression.

RapidEye images from 2010, 2011, 2012 2013 and 2014 and one Pleiades image from 2014 were available for
interpretation and landslide inventory establishment for St Lucia. Table 4-4 and Figures 4-8 & 4-9 provide
summaries of the landslide inventories generated for the period 2010 to 2014.
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Figure 4-8: Pie diagrams of the number of polygons classified as active, inactive, not a landslide and those
where identification was not possible due to cloud cover or, in 2013, due to poor image quality in the SE section
of the Island.
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Figure 4-9: Landslide inventory maps of St Lucia showing the distribution of active landslides (NB identification is
affected by cloud cover and a poor quality SE quadrant for 2013, see Table 3).

4.2.4 Conclusions
The landslide inventories for St Lucia contain polygons that represent the maximum extent of events mapped
during the period 2010-2014. Each polygon is attributed with landslide type, morphology, confidence level of the
mapped outline and a statement of activity for each of the five years in the sequence 2010-2014. The inventory
thus provides a clear indication of landscape response to trigger events. Interpretation of satellite images
requires well-trained operators with a good understanding of mass movement processes and local conditions.
Information on trigger event response, spatial distribution, magnitude-frequency, type of movement, etc. can be
very valuable for the development of derived products such as landslide susceptibility maps and landslide risk
assessments. It is therefore envisaged that this product will provide context to future studies of landslide hazard
(such as e.g. CDB and CDERA 2006, ECLAC 2011) and landslide risk reduction (e.g. MoSSaiC - Holcombe and
Anderson, 2010; Anderson and Holcombe, 2013).
The morphology of the landscape constrains the dimensions of landslides that are encountered with many events
occurring on short, steep slopes. A substantial number of landslides have dimensions smaller than 1000 m? (the
effective minimum size for an event that can be mapped on a 1:20,000 scale) and therefore the inventories were
established on a scale of 1:10,000.
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Table 4.4: Summary of landslides identified for each year of the multi-temporal image stack from 2010-2014 in

St Lucia.
Year, image, date Landslides Notes
2010 RapidEye 27 active, 2 The image captures the state of the Island before Hurricane
18/8/2010 inactive Tomas. Some 40% of the land surface was affected by cloud

cover (and associated shadow and could-fringe effects). The
small number of landslides that were captured where the
land surface is visible is likely the result of much vegetation
regrowth masking previous events. Many inactive sites,
susceptible to re-activation, are therefore not included.
Absence of older images (closer in time to major disturbing
events such as hurricanes and troughs) limits opportunities of
extend the size of this initial dataset.

2011 RapidEye 1025 active, 3 This image captures all events generated by Hurricane Tomas
03/1/2011 inactive (October 30-31, 2010).

Thick cloud covers approximately 2% of the Island. For a
further 5% the view is obscured by cloud fringe effects.
Approximately 10% of the land surface is affected by cloud
shadows, but this did not obstruct interpretation

significantly.
2012 RapidEye 489 active, 304 Only 14 new events were identified (these polygons were not
29/9/2012 inactive recognised as active in the 2011 inventory). An additional 30

events are identified as active, but initiation of slope
instability is uncertain; twenty events were identified in areas
where cloud cover was encountered in the images of 2010
and 2011; ten events did not exist in the 2010 inventory and
were obscured by clouds in the 2011 inventory.

Some 16% of the land surface is not visible due to clouds with
a further 2% obscured as a consequence of cloud shadow

effects.
2013 RapidEye 198(238)* active, | *SE quadrant of the Island is not included in first value; the
14/2/2013 173 inactive second value represents a larger total where persistence of

landslide activity is plausible (i.e. all these polygons are active
in the inventories of 2011, 2012 and 2014).

Approximately 35% of the land surface is not visible due to
cloud cover, with a further 17% obscured as a consequence
of shadows and poor image quality.

2014 Pleiades 459 active, 311 Some 129 landslides were new events not included in the
25/2/2014 inactive 2011 inventory.

Approximately 5% of the land surface is not visible due to
cloud cover, with a further 25% slightly affected by a thin
clouds and shadows that only slightly affect image
interpretation.

All images 1233 Total number of polygons in the multi-temporal inventory
(including 2 polygons mapped as inactive throughout the
period 2010-2014). 50% of the landslides were mapped as
active in one year only. 27% were observed in two years,
16% in three years and 6% in four years. Less than 0.5% was
observed in all five years of the period 2010-14.

The latest satellite images provide substantial improvements in resolution that enable very detailed
interpretations of the landscape to take place. There is therefore scope to map events smaller than the minimum
size captured by the current inventory. It is also good practice to populate each polygon with additional
information that can be stored in a relational database for further analysis (i.e. through connecting landslide
polygons to landslide point data; see Gibson et al. (2013); Figure 4-10, and listed in
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http://nora.nerc.ac.uk/18890/). This will require substantial further work, but will result in an invaluable tool for
future landslide hazard and risk assessments.

The current multi-temporal sequence can be extended backwards by incorporating older satellite images thus
providing incremental quality enhancements of the database. Regular updates of the inventory (at least annually,
but inventory establishment immediately following a trigger event should be a priority) will also provide
important value. As the database updates continue, this can be of great value to evaluate the vulnerability of the
landscape and estimate the potential consequences of a trigger event (see e.g. Foster et al. 2012; Gibson et al.
2013; Pennington et al. 2014).
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Figure 4-10: An example of additional point data that can be linked to each landslide polygon to build up a
landslide database that can be used for further analysis (see Foster et al. 2012).

The susceptibility of the terrain to generate landslides is not static and therefore trigger magnitudes capable of
generating widespread disruption are also variable. For example, in periods shortly following a major disrupting
event, much material is still in a critical condition and a relatively small trigger can result in large (re-)mobilisation
of hillslope materials. If the landscape has had some time to regenerate a vegetation cover and re-establish a
degree of stability fewer events will be active and visible on satellite images. Event capture using satellite images
is therefore dependent upon the time difference between a trigger event and the capture of its aftermath by a
satellite image. Using a multi-temporal image stack enhances the likelihood that events are being captured and
a cumulative inventory will increasingly represent the distribution of unstable terrain.

The landslide inventory database can be interrogated in terms of the annual distribution of active and inactive
(but still recognisable) events and this is of great potential value for subsequent analysis, for example in terms
of event-response signatures, trigger threshold magnitudes and non-static hazard mapping. There is great value
in maintaining and updating a multi-temporal landslide event database at least annually.

The morphology of the landscape constrains the dimensions of landslides that are encountered with many events
occurring on short, steep slopes. A substantial number of landslides have dimensions smaller than 1000 m? (the
effective minimum size for an event that can be mapped on a 1:20,000 scale) and therefore the inventories were
established on a scale of 1:10,000.

The cumulative inventory represents the outlines and associated metadata of landslide polygons for the period
2010-2014. Within the constraints of this project only a simple attribution of landslide type and morphology
(undifferentiated) was possible, but enhancement of polygon outlines and further distinctions (for example
reflecting better spatial constraints of areas of activity as a landslide becomes increasingly less active) are
feasible if more time is available for interpretation of the imagery. The additional information could be
maintained in a (relational) database with polygons representing the development of the landslide over time
and tables identifying the attributes of the landslide at each point in time. Most features are recognised by
bare earth and represent the remains of translational or flow type movements. Few polygons contain features
of deep-seated rotational movement where it is theoretically possible to max scar, slide body, etc.
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4.2.5 Validation
The identification of landslide polygons was quality checked by two operators independently mapping two test
areas in Saint Lucia. The results were compared and this led to fine-tuning of interpretation of indicators and
establishment of observational guidance (landuse, bare soil signatures, use of elevation models, minimum
landslide size, and use of landslide clusters). The final products were again cross-checked by two engineering
geologists. Following the establishment of the multi-temporal inventory the results were evaluated against the
2010 landslide inventory. It was observed that there were some differences between the multi-temporal
inventory and the 2010 inventory and these were all carefully evaluated. Generally, these differences were the
result of an over-emphasis on ‘bare-earth’ mapping in the 2010 inventory. Additional differences were observed
with the more conservative outlines of landslide areas in the multi-temporal inventory as long runouts were not
mapped.
The completeness of landslide inventory is a function of the capability of the mode of recording of all the events
over a period of time. Clearly, there are several issues therefore that influence completeness. In the case of this
project these include, aspects of image resolution, of scale, and of the length of time over which observations
are made. Visibility (absence of cloud cover, canopy overhangs, shadow effects, etc.) further influences the
completeness of the landslide inventory.
To achieve an insight into the completeness of the landslide inventory of St Lucia, the complete multi-temporal
dataset has been analysed. The extent of an individual landslide throughout the multi-temporal dataset is not
constant. Deviations from this extent will occur in different years. This can occur through, for example, re-
establishment of a vegetation cover leading to increasingly smaller areas remaining ‘active’. But it is also possible
that slides extent, either downslope as a consequence of continuing displacement of a landslide mass, or upslope
and laterally through retrogressive failure involving increasing large amounts of slope. For this exercise, landslide
polygons offer an outline representing the maximum extent of an event throughout the time series. It is therefore
unrealistic to construct area frequency diagrams for each year.
The analysis of the full dataset (incorporating the dataset mapped at 1:10k) resulted in a cumulative frequency-
area distribution shown in Figure 4-11, following an approach outlined by Guzzetti (2005) and Malamud et al.
(2004) (see also Hurst et al. 2014). It is interesting that spill-overs or roll-overs (i.e where the largest number of
events are found of a particular size) depend on the nature of the survey. For quick reconnaissance surveys this
spill-over lies at a characteristic size of about 10* to 10° m? (i.e. landslide dimensions of approximately 100x100
m to 300x300 m). For more detailed geomorphological surveys greater detail can be captured and this results in
a trend with a spill-over at about 103 m? (indicative dimensions of about 30x30 m) which is similar to what was
found in our survey.
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Figure 4-11: Left: Cumulative frequency-area distribution for landslide events in St Luci for the period 2010-2014
and Right: an example of the different cumulative frequency-area distributions for reconnaissance and for
detailed geomorphological surveys (Guzzetti 2005).

Minimum dimensions in the database are approximately 200 m? and many smaller events are known to have
occurred. Very small (<5 m) and obscured (in the shade, on steep slopes, below overhanging vegetation)
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landslides are difficult to capture but are known to exist in substantial numbers. These small events have a
significant impact on lives and livelihoods and recording these through different means will be important to add
to the database. It is possible to interrogate the recent Pleiades images (at resolution of 0.5m) at a greater level
of detail and it is therefore advantageous to carry out future assessments at scales of 1:5,000 or better. The case
study of Chateau Belair highlights the restrictions in using satellite images for interpretation. Subtle changes in
topography can be interpreted by skilled operators as signatures of landslides in a complex terrain. At high
resolutions (1:10k and better) this can lead to very detailed maps showing geomorphology and engineering
geology features relevant to slope instability.

It will remain very difficult to identify very large, relic and inactive landslides. This exercise has shown that very
large, and mostly relic, landslides are often difficult to identify and interpret in the context of Caribbean Islands
where a substantial vegetation cover masks topographic features. This will require much detailed additional
geological and geomorphological investigations that falls beyond the current scope of the project.
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4.3. Some examples of landslide characteristics in Saint Lucia
This section gives some illustrations of landslide examples in Saint Lucia, as described in Jordan et al (2015).

At the Roseau Dam many landslides were observed from the 2011 image and the road provided good access to
the interior. Along the way it was possible to field check many sites mapped as landslides, with those generated
in 2010 close to the dam still clearly recognisable (Figure 13). The road was in many places affected by recent

landslides, including on the stretch from the Roseau Dam to L’Anse la Raye (Figure 4-12).
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Figure 4-12: Landslides near the Roseau Dam. Multiple events in 2010 seriously affected the water quality of the
reservoir and a large landslide occurred to the east of the dam (see inset photo from ECLAC 2011). The remains
of this landslide are still clearly visible. The direction of the photo is indicated by a red arrow on the satellite
image of 2014. Compared with the 2011 image it is evident how much more detail can be observed.

The Fond St Jacques area was heavily affected by flowslides triggered by Hurricane Tomas. Many events
originated in deforested, cultivated fields in the upper slopes (ECLAC 2011). The Migny road was severely affected
and remains out of service. This area was used to evaluate the potential of a ‘bare earth’ classification for
landslide identification (Figure 4-13).

N 2 ' , L e w X
Figure 4-13: The Fond St Jacques/Migny area on the 2011 RapidEye image. The light coloured pixels indicate the
result of a ‘bare earth’ classification (areas larger than 300 m?). The red polygons represent the 2010 landslide
inventory and the purple polygons the multi-temporal inventory where bare earth signatures in valleys and
fields have not been included. The two landslide polygons in the centre were generated in 2014.
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The Colombette landslide was initiated in the upper parts of the flanks of Mount Tabac, north of Soufriere. The
deeply weathered pyroclastic bedrock and lightly cemented ash soils rapidly disintegrated to form a debris slide
stripping the lower slopes of vegetation, soil and roadway structure (ECLAC 2011). Satellite images clearly show
the outlines of the landslide in 2011 through to 2013. However, the 2014 image, albeit providing greater detail,
is partly obscured by clouds. If earlier images had not been available, it is unlikely that this landslide would be
detected on the basis of the 2014 image alone (Figure 4-14).

Figure 4-14: Colombette Landslide. Top left is the state of the upper part of the landslide in October 2014 and
top right shows the landslide in 2011. The lower images represent scenes from RapidEye (2011 and 2013) and
Pleiades (2014). Despite the greater resolution of the Pleiades image, the landslide is barely visible.

The Micoud/Thomazo/Barre de L'Isle road traverses the steep terrain of the centre of the Island and forms an

essential transport link between Vieux Fort and Castries. Along this road many landslides are known to occur
and these are subject to substantial stabilisation works.

=

Figure 4-15: Landslide stabilisation works along the Vieux Fort-Castries road at Thomazo
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A debris flow in the Ti Rocher, Trois Pitons area was identified on the satellite image of 2011. The translational
slide/debris flow has a length of some 300 m. The highest point is at approximately 230m above sea level and its
runout drops by more than 110 m. It originated in weathered bedrock comprising andesite, basalt and some
agglomerates. Local soils belong to the Bocage Stony clay. On the satellite image of 2012 a substantial part of the
lower part of the event was overgrown, making identification very difficult. It shows that, unless captured close
to the event occurrence, recognition of landslides is very difficult in an environment where recolonization of
affected slopes by vegetation occurs in a very short period of time (Figure 4-16).

3 F e o

e B 2012 . ¥ ve
Figure 4-16: The landslide/debris flow event of Ti Rocher. To the left an oblique of the event is shown (source
ECLAC 2011). The event is clearly visible on the 2011 RapidEye image, while only a year later all landslide

deposits below the road are covered by vegetation.

The area around Marc was identified in the ECLAC (2011) report as being particularly affected by landslides.
Many of these were small translational or rotational events in deeply weathered bedrock and lightly cemented,
mainly granular soils. The landslides occurred on slopes steeper than approximately 25 degrees and rapidly
disintegrated to form flows. The events seriously affected communities where the houses were constructed on
the hill-slopes. Identification of individual events is difficult in this area because of the patchwork of colours from
housing, infrastructure and variations in vegetation on steep slopes and the relatively poor resolution of the 2011
RapidEye image (5 m). In order to map these very small events with some degree of confidence at a 1:10,000
scale the higher resolution of the 2014 Pleiades image is required. However, by the time this image was taken,
many of these smaller events were re-vegetated and their signatures difficult to establish. It is not impossible to
map these small events using the images available, but it requires interrogation of the data at scales that are
much more detailed than stipulated for this exercise.

2011

Figure 4-17: Landsliding near Marc. The oblique photo on the left (source ECLAC 2011) shows the extent of the
area dffected. The blue outlines in the 2011 image follow the outline of the valley. In the 2014 Pleiades image
the landslide complex is barely recognisable.

i

The Pitons form arguably the most charismatic images representing St Lucia. These steep rock slopes are
generating rock falls and several trails were mapped following Hurricane Tomas. Since then the interpretation
was downgraded to ‘inactive’. However, during the field visit a loud rockfall was heard and the scars of recent
events were observed. Local narratives report regular rockfalls from the Petit Piton. It is evident that this area
remains one of continued activity and could benefit from careful observation and monitoring.
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Figure 4-18: The Petit Piton with fresh trails of rockfalls and the 2011 rockfall trails superimposed on the 2014
Pleiades image. In the SE corner of the image landslide trails were observed in the field (Figure 4-19) but these
could not be identified on the satellite images.

Figure 4-19: An example of landslide scars along the main ridge connecting the two Pitons. These events were
generated during Hurricane Tomas but could not be picked up in the satellite images because of size, terrain
steepness, shadow effects and overhanging vegetation.

The Chateau Belair site (approximate location 719400/1527030) has been used to evaluate opportunities that
exist for detailed interpretation of satellite images. Comparison of the area of interest at three different scales
(1:20k, 1:10k, 1:5k and 1:1k) shows how polygons drawn around landslide signatures range from very course
outlines around possible multiple events (this affects the size frequency distribution by over-emphasising larger
events) to very detailed metre-scale outlines of surface features. At scales of 1:5k to 1:1k it is possible to create
detailed outlines of areas where evidently planar slides disintegrate into flows and where small slides rapidly
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transfer into debris flows down steep gradients. This is particularly facilitated by the high-resolution of the
Pleiades image (see Figure 4-20).

Figure 4-20: An example of mapping at different scales at Chateau Belair using the 2014 Pleiades satellite
image as an example (see also Figure xx for an indication of image variability across the multi-temporal image
stack). At 1:5,000 scale it is possible to create a detailed outline of freshly exposed soils of a landslide (A), at
1:10k it is possible to roughly outline a small event (C) while at 1:20,000 scale a small cluster of linked events is
grouped together (B).

Comparison of the interpretation performed using this image with the stack of RapidEye images of previous years
enables determination of the time at which small landslide scars are initiated. The satellite image interpretation
initially leads to identification of surface features, but further investigation using a digital elevation model shows
that landslide activity at this site is affected by a topography determined by a much larger ancient (and potentially
relict) rotational landslide. Combining all information enables the establishment of a detailed geomorphological
sketch map that can provide useful information on the changes in activity of deformation at a remote site (Figure
4-21 & Figure 4-22) and considerable detail of morphological features of individual events (Figure 4-23). These
interpretations require substantial field verification and the Chateau Belair site was therefore visited in October
2014. Field observations corroborated the satellite based interpretation, and this provided further confidence in
the approach taken.

Access to remote sites can be difficult and time consuming. In the case of Chateau Belair, access was particularly
problematic as many roads leading into the centre of the Island were compromised by the landslides of Hurricane
Tomas in 2010 and the December Trough in 2013. Chateau Belair is situated at the head of a valley with only a
small, unpaved road leading up to an adjacent hill where it is possible to obtain an overview of the site. To find
suitable locations where a good overview of a site can be achieved on the ground is not an easy task in an
environment blessed with exuberant vegetation. There is therefore much merit in the use of satellite images to
enable interpretation of features at remote locations.
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Figure 4-21 .A geomorphological sketch map produced using Pleiades and a surface model. This illustrates the
detail.

opportunities that are on offer given time to interrogate these information sources at their maximum level of

2011

A, S

concave tresk of siope
s T o kg

&
" v _‘-E l—“.\lm
Figure 4-23: The 2011 image of a landslide enables establishment of just an outline of a landslide feature near

the Roseau Dam. However, the 2014 Pleiades image can be used to draw a tentative morphological map of a
landslide complex. Field checks are required to ensure these interpretations are realistic.

Up to here the text is taken directly from the BGS report: Jordan et al. (2015)
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4.4. Final landslide inventory map for Saint Lucia

We were able to use the landslide maps from 1995 (Rogers), 2010 (Abraham and Rock), 2010 - 2013
(MottMacDonalds), 2013 (DANA) and 2010-2014 (BGS). Table 4-5 summarizes the information. The inventory
maps for 1995 and 2013 are point maps, and therefore we cannot calculate the size of landslides nor the total
landslide area. The other three maps are polygon maps, not differentiating scarps from accumulation areas. Only
two maps (1995 Rogers and 2010-2013 Mott MacDonalds) have a classification of landslide types. The
classification of the two maps are very different, so it is difficult to compare them. Unfortunately the 2010-2014
BGS inventory map has a column for type, but nearly all landslides are classified as unknown.

When comparing the maps of Abraham and Rock with the one from BGS, which both map the same event (2010
Hurricane Tomas) it is interesting to note the differences in landslide size and total landslide area. The total
landslide area in the BGS map is about 2 times more. The overlap is also relatively low: 202 hectares are mapped
as landslide by both, whereas 783 hectares of landslides are mapped differently. This is also illustrated in Figure
4-24 where the landslides from Abraham and Rock and BGS for Hurricane Tomas are compared.
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Figure 4-25: Legend of the final landslide inventory map for Saint Lucia. The full map can be downloaded as pdf
from the following website: http://www.charim.net/stlucia/maps
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We decided to use the BGS inventory instead of the one by Abraham and Rock for the 2010 event. We combined
all inventories into a single landslide inventory map (See Figure 4-25 and 4-26). Unfortunately as we do not have
enough information on landslide types from the available inventories, we are not able to carry out a landslide
susceptibility assessment for different landslide types in the next chapters. We were also not in a position to
remap the landslides for Saint Lucia. Therefore we also have to deal with the locational, and thematic errors
presentin the inventories. Especially the locational errors that are in the 1995 landslide inventory map have been
problematic in the subsequent statistical analysis, because the relation with the possible causal factors may not
be realistic as the landslide points are not located exactly where the landslide may have taken place in the past.

Table 4-5: Summary of landslide information for the available landslide inventories for Saint Lucia. * Due to the
fact that the inventory doesn’t cover the entire island.
1995 2010 2010-2013 2013 2010-2014
Rogers Abraham and Mott DANA | British Geological
Rock MacDonalds survey
Representation Points Polygons Polygons Points Polygons
No, in a buffer No, mainly
No, mainly zone around main | along roads
Full coverage? along roads Yes roads Yes
number 713 1132 570 45 1233
Total landslide area - 6.28 km? 1.77 km? ) 5.63 km?
Minimum landslide size - 352 m? 17 m? ) 201 m?
Average landslide size - 5550 m? 146621 m? ) 72212 m?
Maximum landslide size - 93900 m? 3101 m? ) 4565 m?
Study area 603 km? 603 km? 603 km? 603 km? 603 km?
Density - 0.0104 0.0029 ) 0.009
percent - 1.04 % 0.29% * B 0.9%
nr/km? 1.18* 1.88 0.95 * 0.075* 2.044
Landslide Type
Debris flow 589 - 87 ) -
Debris slide 12 - - ) -
Earthflow 20 - - ) -
Rockfall / Rockslide 22 - 190 B -
Area with creep - - 11 - -
Complex landslide 8 - - B -
Old rotational slide - - 18 ) -
Area with small slides 5 - 8 ) -
Uncertain landslide area - - 256 ) -
Unknown type 57 1132 / B 1233
Total 713 1132 570 45 1233

All these landslide inventories were made available digitally through the Charim GeoNode: http://charim-
geonode.net/people/profile/lucia/?content=layers
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-26: Final landslide inventory map for Saint Lucia. The full map can be downloaded as pdf from the
following website: http.//www.charim.net/stlucia/maps
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5. Landslide conditioning factors

In this chapter an evaluation is made of the available factor maps for landslide susceptibility assessment in Saint
Lucia. Data was obtained in many different formats, and several different projections, from many different
persons and organizations. Most of the spatial data that we obtained from the organizations in Saint Lucia were
in different projections. All the data was transformed to UTM WGS84 projection, and is now available as shape
files (for vector data), and GeoTIFF (for raster data), through the CHARIM Geonode (http://charim-
geonode.net/).

In the description of the data attention is given to the spatial, thematic and temporal accuracy of the data. A
summary of the data types is given in table 5-1.

e Spatial accuracy is a major problem for Saint Lucia, as many of the available factor maps do not spatially
match, due to differences in source data and coordinate systems;

e  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;

e Temporal accuracy refers to the fact that some of the thematic maps are not up-to-date. This is
important for example for the land cover maps, which should be representing the situation under which
the landslides occur;

e Differences in scale. Another important factor 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.

In the following sections some examples are given of the problems involved with the input data.

5.1. Digital Elevation data

There were several sources for digital elevation data for Saint Lucia. The first one are contour lines obtained from
the Survey Department, which have been derived from the old topographic maps from British Overseas Surveys.
The topographic maps at 1:25.000 scale are available in digital format, as scanned maps. The maps are made in
1958, based on aerial photographs from 1951-1955. These maps are in the Transverse Mercator projection,
Clarke 1966 Spheroid, and 1927 North American Datum. The contour lines, with interval of 50 feet, are of good
quality, but the contours have only been digitized for the coastal areas, and the centre of the island is not covered
(See Figure 5-1). The second source of information are contour lines which were generated by an international
project, during which the international company FUGRO generated a national topographic map using
photogrammetrical methods in 2009 — 2010 (before hurricane Tomas). Due to tropical vegetation and cloud
cover the number of photogrammetrical points was often not enough to generate accurate contour lines in
forested and cloud covered areas. Therefore the contour lines generated from many forested areas are not very
accurate and have sometimes strange results. This is illustrated in Figure 5-2 where the shaded relief image
shows the poor quality of the DEM. Here we show for a sample area the grid points that were surveyed, and the
break-points that were used for generating the Digital Elevation Model. The resulting Digital Elevation model was
generated using Triangular Irregular Networks (TINS) and the resulting DEM therefore shows many of such
triangular artefacts that do not represent the real terrain situation in many locations (See Figure 5-2). We also
discovered that the original data from the survey of FUGRO was not available anymore in the Survey Department
in Saint Lucia. We were able to obtain the original data from FUGRO and shared this again with the departments
in Saint Lucia.

The next source of DEM data was the ESA EoWorld2 Project, mentioned earlier in this report. The British
Geological Survey generated medium resolution DEMs for Saint Lucia, and Grenada. The DEMs were to be
generated from stereo optical satellite imagery with a spatial resolution of 30m or better. The preferred source
of imagery from which to produce the DEMs was a European or Canada sensor. With no suitable archived imagery
available, a tasking request was submitted to Airbus Defence & Space in early August 2014 in order to have fresh
stereo Pleiades imagery acquired for both St. Lucia and Grenada. However, the timing of this request coincides
with the hurricane season in the Caribbean. As a result, all attempted acquisitions to date have been affected by
considerable cloud and haze cover, thus rendering them inadequate for the generation of DEMs. In the absence
of any other alternative stereo imagery, the DEMs for the AOIs were generated based on imagery acquired by
the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor. The ASTER sensor has a
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stereo camera that acquires nadir and backward-looking images for band 3, which can be processed using a
photogrammetric approach to extract DEMs.

Table 5-1: Overview of input maps for landslide susceptibility assessment, with indication of their quality of the
data for Saint Lucia in green (good), yellow (sub-optimal), orange (poor) and red (not available).

Group Factor Available Quality

Digital Elevation Model Yes Poor. Due to survey method and cloud cover there are

areas with very poor DEM data.

Altitude zones Yes Good, generated from the DEM. Low quality of DEM

doesn’t affect the altitude zones

Slope steepness Yes Poor. Poor quality of the DEM is cause of poor quality of
g slope steepness map. Steep slopes are
S underrepresented.

Z; Slope aspect Yes Moderate. Low quality of DEM affect the slope direction
S to some extent.

% Upslope contributing Yes Poor. Low quality of DEM affect the calculation of

S areas upslope contribution areas.

= Windward / Leeward side | Yes Good. Based on digitized boundaries.

Eroding sections of mains | Yes Moderate. There are some problems with fitting of the
g rivers drainage lines to the DEM. Automatic extraction of
g drainage from the DEM is not an option.

° Distance from stream Yes Good

?éa initiation

© Distance from ridges Yes Due to poor DEM quality automatic extraction of ridges
= is not very good.

Lithological map Yes Moderate, Too general to be of much use for landslide
® work, no differentiation between volcanic materials.
gﬂ 2 Part of the island has no data.

g B Fault map
o £ Geomorphological map
Pedologic Soil type map Yes Moderate. Detailed map. Extensive legend. Made in
1966 for agricultural purposes. No clear relation with
topography and lithology

Engineering soil type map
&
€
5 Soil depth map
wv

Land cover existing Yes Good quality. Generated by the Bristish Geological
» Survey from satellite images
g Land cover (earlier) Yes Moderate, Two land cover maps available, one from
L 2000 made from image classification/, not clear what
§ date. Very general, poor quality
S Road cuts
_{% Distance from roads Yes Good quality, we improved the road map and made also
= an improved classification.

Using an optimised approach, NASA and Japan’s Ministry of Economy, Trade and Industry (METI) have already
processed an extensive archive of ASTER stereo imagery for the purpose of producing the 30m ASTER Global
DEM (ASTER GDEM); released in 2011. With a view to augmenting this ASTER-derived elevation data, different
strategies were developed and implemented based on the ancillary data available for the two AOIs. For St. Lucia,
ancillary elevation data derived from contour maps was made available by the Physical Planning Office and
University of the West Indies. In an attempt to increase the accuracy of the ASTER-derived elevation data, a
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vertical calibration approach utilising the contour data was implemented. To achieve this, 32,000 corresponding
ASTER- and contour-derived elevation points were extracted and modelled (R?=0.97) using regression analysis.
These data points were then gridded using a Triangular Irregular Network with linear interpolation algorithm to
generate a 30m DEM. The resulting shaded relief image in shown in Figure 5-2.

As all sources of DEMs had problemes, it was decided to generate a new DEM using interpolation of points from
all available sources. These files were each transformed to point files (x,y,z). From the point files a DEM was
interpolated using Ordinary kriging, with an exponential semivariogram using the Gstat software (gstat.org). An
example of the result is shown in Figure 5-2. Unfortunately this DEM produced blocky artefacts that made it
unsuitable for our landslide susceptibility analysis. Therefore we used the DEM from the FUGRO data.

We generated the following derivative maps:

e Elevation classes: this map consisted of 6 altitude classes. This was done because we assumed that there
might be a relation between altitude and landslide occurrence, as rainfall amounts strongly increase
with increasing altitude.

e Slope steepness classes: an algorithm was used to calculate the slope steepness per pixel in degrees.
We assumed that there is a clear relation between slope steepness and landslide occurrence, where the
class 20 to 35 degrees might have the highest density of landslides. This will be later analysed in the
statistical analysis.

e Slope direction classes: slope direction was calculated using a special algorithm from the DEM.

e Part of the island. We subdivided the island in windward and leeward parts because we assumed that
there would be more landslides on the windward side of the island.

e  Flow accumulation classes. This map was generated from the DEM using a special algorithm, which
counts for each pixel how many other pixels are located upslope. This map was classified into 4 classes.
We assumed that there is a relation between the locations where streams are initiated, close to water
divided, and landslide occurrence.

Figure 5-1: The Digital Elevation Model for Saint Lucia is of poor quality. A: detailed contour lines derived
from old topographic maps which have a good quality, but are not available for the centre of the country.
B: contour lines from the topographic survey project by FUGRO, which cover the entire island, but have low
quality in the forested area. C: Examples of a shaded relief map of the central part of the country showing

the areas with a poor quality of the Digital Elevation Model. For these area the resulting landslide
susceptibility assessment is much less reliable.
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Figure 5-2: lllustrating the problems involved for the various Digital Elevation Models for Saint Lucia for a small
area. The grid points and break-lines used in the FUGRO project are not equally dense and missing in some
places due to cloud cover in the airphotos used in the photogrammetrical work. The contours from the original
topographic map from 1980 are not digitized for the entire area. The BGS DEM is derived from ASTER data
which is too general, and the re-interpolated DEM shows artefacts. Overall, the poor quality of the DEM will
greatly affect the result of the landslide susceptibility assessment.
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5.2. Geology and soils

Saint Lucia is made up almost totally of volcanic origin, presenting andesite, dacite and basalt rock formations
resulted from the tertiary or late Quaternary age volcanism. Sedimentary beds occur but are of small extent.
Beds of mixed sedimentary and volcanic origin are common; they have good bedding and stratification such as
tuffs, agglomerate tuffs and conglomerates (DeGraff, 1985; OAS, 1986). Newman, 1965 (as cited in Lindsay et al.,
2002) divide the volcanic centres in Saint Lucia into three categories based on age and geographic distribution.
These groups are the Northern, Central and Sothern series, from oldest to youngest.

Lindsay et al., (2002) revised this sub division, owing to the confusion that the original grouping made like: several
of the centres within the northern series are actually located in the south and several centres that were grouped
as the youngest southern series correlate more to the older northern series. The revised grouping of Lindsay et
al., (2002) is:

¢ Eroded basalt and andesite centres (a revision of the Northern series of Newman, 1965): these centres
are the oldest rocks on the islands which are located in the northern and southern most parts of the
island. The age dates for the centres in the north and south range from 18 to 5 and 10.1 to 5.2 Ma
(millions of years) respectively. Except some shallow seismicity and fumarolic activity associated with
some of the southern centres, the eroded centres are unlikely to erupt again.

¢ Dissected andesite centres (called the Central series by Newman, 1965): these centres are younger than
the eroded dominantly basaltic centres of the north and south, in which their age dates range from 10.4
to 2.8 Ma. Dissected andesite centres are located mainly at the central and eastern part of Saint Lucia.
These group of centres are also unlikely to erupt again in the future.

e Soufriere volcanic centre (a revision of the Southern series of Newman, 1965): Soufriere volcanic centre
is the youngest volcanic activity in Saint, located at the south western part of the island. It has a series
of different volcanic vents and vigorous high temperature geothermal field. The oldest dated rocks of
this centre are 5 to 6 million years old. Soufriere volcanic centre is still active, but it is uncertain to say
when the last eruption occurred in the island.

The original geological map that we obtained from the department of physical planning had some serious
topological errors. In order to overcome problem associated with missing polygons, it was necessary to re-digitize
the geology map again. In order to make the lithological map more realistic we decided to combine it with the
slope class map, thus allowing to evaluate the combination of lithological units under different slope classes.
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Figure 5-3: Left: Geological map of Saint Lucia (OAS, 1984). Right: digital geological map with more mapping
units (source unknown). Note the unmapped centre of the island.

As it could be seen during the fieldwork, the difference between rocks and soils is not clear in engineering terms,
due to the relative degree of consolidation of the volcanic deposits, their heterogeneity and the effect of
weathering. The volcanic deposits are usually very thick. This can be observed in near vertical road-cuts (See
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Figure 5-4). Analysing the behaviour of road cuts in volcanic ash soils requires a detailed analysis of soil types
which is not possible in this study. Volcanic bedrock in tropical climates is susceptible to deep weathering and
mass wasting (Prior and Ho, 1972; Hartford and Mehigan, 1984; Rouse, et al. 1986; DeGraff, 1991). Weathered
volcanic soil is weaker than the original bedrock and the high precipitation on the island increases pore-water
pressure within discontinuities decreasing soil shear strength. The loss of shear strength generates zones of
failure in which the mass destabilizes in the form of a landslide or debris flow (Faugeres, 1966; Walsh, 1982;
DeGraff, 1991). Figure 5-4 shows an example of a cutslope located in the east coast of Dennery village, St. Lucia.
It is at the Mandele viewpoint along the main road Castries to Vieux Fort.
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Figure 5-4. Example of an outcrop in volcanic deposits, and the separation into different geotechnical Units

(Mulenga, 2015).

The slope length and height are approximately 100m and 5m respectively. The slope was cut in the year 1972 by
mechanical excavator. The accessibility was fair though with a lot of vegetation along the scree slope. The slope
falls in the Andesite agglomerate formation. The rock mass consists of fine to coarse grained matrix and clasts of
pebbles to cobbles, with rock units of agglomerate deposits, tuff, alluvial deposits of agglomerate nature, and
well graded ash and lapilli pyroclastics. Four geotechnical units of were mapped on this slope face.

GEOTECHNICAL UNIT L3G1 — The unit is an agglomerate of approximate length of 20m and mapped
height of 3m; highly weathered. The colour is greyish yellowish brownish, with thick bedded, matrix
supported, poorly sorted andesitic clasts. The existing slope SDD/SD is 0400/650; the discontinuity
orientations SDDdisc and SDdisc are 0120/150, 2920/700, 2560/850, 3580/780 and 0080/750; the
spacing (SPA) 0.53; persistence along strike and along dip > 0.2m. Condition of discontinuities:
Roughness large scale (RI) - slightly wavy and curved, and straight; Roughness small scale (Rs) - rough
and smooth undulating; Infill material (Im)- no infill —surface staining, and fine non softening and soft
sheared material; Karst (Ka)- none. The unit face is eroded, exposing fresh corestones.

GEOTECHNICAL UNIT L3G2 — The unit is a highly weathered pyroclastic ash deposit of approximate
length of 20m and height of 1m. The colour is yellowish greyish darkish, and thin bedded fine matrix
and well sorted clasts. The existing slope SDD/SD is 0400/650; the discontinuity orientations SDDdisc
and SDdisc are 1440/210, 3540/700, 2320/750, 2980/400 and 1600/650; the spacing (SPA) 0.27;
persistence along strike and along dip > 0.07m. Condition of discontinuities: Roughness large scale (Rl)
- wavy, curved, slightly curved and straight; Roughness small scale (Rs) — smooth stepped, rough and
smooth undulating; Infill material (Im)- fine soft sheared material and no infill-surface staining; Karst
(Ka)- none.

GEOTECHNICAL UNIT L3G3 — The unit is a moderately weathered pyroclastic lapilli deposit of
approximate length of 50m and height of 4m. The colour is darkish greyish, and thick bedded well-sorted
clasts, and clasts supported. The existing slope SDD/SD is 0280/800; the discontinuity orientations
SDDdisc and SDdisc are 1380/320, 1260/200, 3540/700, 0280/750 and 0240/550; the spacing (SPA)
0.34; the persistence along strike and along dip > 0.2m. Condition of discontinuities: Roughness large
scale (RI) - slightly curved, small scale (Rs) — rough and polished undulating, and rough planar; Infill
material (Im)- soft sheared material fine and no fill-surface staining; Karst (Ka)- none. The interface
between the matrix and clasts is sharp, making discontinuities to be rarely visible.

GEOTECHNICAL UNIT L3G4 — The unit is a highly weathered tuff deposit of approximate length of 16m
and mapped height of 2m. The colour is yellowish brownish and thick bedded weathering horizon, with
few andesitic corestones. The existing slope SDD/SD is 0380/670; the discontinuity orientations SDDdisc
and SDdisc are 1260/200, 1600/220, 0180/650, 3090/270 and 0400/350; spacing (SPA) 0.29; persistence
along strike and along dip > 0.2m. Condition of discontinuities, the roughness large scale (RI) — wavy,
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curved, and slightly curved, and the roughness small scale (Rs) — rough stepped and undulating; Infill
material (Im) — fine non softening and soft sheared material; Karst (Ka) — none. The unit shows some
layer of iron oxidation (iron oxide), evident of chemical weathering.

The above example illustrates the high variability in terms of engineering soils that can be found. The mineralogy

of and weathering characteristics of the volcanic bedrock generally produces fine grained soils often containing

high proportions of clay. Due to the widely varying rainfall pattern on the island, the parent materials are subject
to different amount of leaching. This together with steep topography of the island and ash layers, contribute to
the differentiation of the soil types. In areas with heavy rainfall and little or no dry season, the soils are of latosols
or latosolic. The clay of these soils is usually kaolinitic but in special conditions allophane and illite may also exist.

In areas with several months of dry season, the soils are of expanding clays of the montmorillonitic type (OAS,

1986). Under the unified soil classification used by engineers and geologists, the soils of Saint Lucia would be fine

grained soils such as silty clays, clayey silts, silty clays-inorganic and sandy clays, or inorganic clays of medium

plasticity (DeGraff, 1985). In the available soil map of Saint Lucia the classification is made based on parent
material and the classes are: agglomerate soils, alluvial soils, clay soils, colluvial soils, miscellaneous soils and
volcanic soils. The available soil type map was generated in 1966 (Stark et al., 1966) through physiographic
interpretation of aerial photographs, combined with field work and soil testing. The map consists of 3 map
sheets, with a very complicated legend. There are over 100 different legend classes, and soils are named after a
locality (most often an estate), with a suffix related to the parent material. This classification was made in order
to identify agricultural fertility problems. For this the degree of weathering were estimated based on field
observation data as pH, texture, structure and X-ray analysis on clay mineral content. Other factors were used
as well such as parent materials, climate, plant and animal organisms, age of land and topography. The legend
classes show a combination of the soil type (indicated as a number), the slope class and the erosion categories.

Four distinct soil types are important in Saint Lucia, these are: smectoid soils, kandoid soils, allophane latosolics

and allophane podzolics. Rouse et al. (1986) investigated the properties of these soil types which is summarized

below.

e Smectoid soils (montmorillonite-rich): these soils occur in the highly seasonal parts of the island (annual
rainfall below 2100 mm) where leaching is low, interrupted and incomplete. The montmorillonite content,
together with an occasional cemented silica pan makes these soils impermeable when wet. Compared with
the other soils of Saint Lucia, smectoid soils have high subsoil dry unit weights and low porosities that ranges
from 12.1 to 17.8 kN/m3 and from 0.36 to 0,61 respectively.

e Kandoid soils (mostly latosolics) (Kaolin/halloysite-rich): these soils typify areas receiving rainfall between
2100 mm and 3750 mm annually and a shorter duration of dry season, leaching is moderately intense and
uninterrupted. Kandoid soils take a longer time to mature than smectoid and allophane soils, they are only
found in older volcanic areas i.e. in the north and east part of the island. They have much lower subsoil dry
unit weights (5.9 - 9.5 kN/m3) than smectoid and as a result their porosities are much higher (0.66 - 0.79).

o Allophane latosolics (allophane-rich): in areas with high annual rainfall greater than 3750 mm and no dry
season, where leaching is intense and constant, allophane soils predominate. With continued leaching even
the silica may be removed to form gibbsite, but because of the youthfulness of the relief and the
effectiveness of the slope erosion, allophane latosolic soils tend to persist and indeed cover large parts of
the island interior. Generally, these soils have very low subsoil dry unit weights and extremely low topsoil
dry unit weights, 5.5 - 10 kN/m3and 1.9 - 4.1 kN/m3 respectively. As a result, their subsoil porosities are very
high (0.66 -0.81) and top soil porosities even higher (0.86-0.93).

e Allophane podzolics (allophane-rich): in the wettest areas with annual rainfall greater than 7000 mm, where
leaching is extremely high, a peculiar variant of allophane is found. The allophane podzolics are characterized
by deep litter and organic humic Ah horizons, a bleached highly leached subsoil, and a subsoil pan formed
by accumulation of a complex of organic matter and amorphous sesquioxides. Their dry unit weights and
porosities are higher than for allophane latosolics.

58| Page



Figure 5-5: Soil map of Saint Lucia. One of three sheets showing the southern part of the country (Stark et al,
1966)

The conversion of this complicated soil map into a GIS layer turned out to be a major challenge. We obtained a
digital soil map from the physical planning department, which contained 60 main soil classes. The topology of
this map was also problematic, and we had to fix this using a number of GIS operations. We did not attempt to
re-digitize the original map, as this would be too time consuming, and also the legend would pose a serious
problem in the use of this in the landslide susceptibility assessment. We did link it with a slope class map, to
make soil classes in relation to the slope classes, which were considered to be better indicators for slope stability
than the soil classes alone. We also reclassified it into 7 main classes.

5.3. Land-cover

We have two land cover maps for Saint Lucia: one from 2000 and one from 2015. The oldest one was made using
image classification of Landsat ETM+ and Spot images by USGS, USAID and the Nature Conservancy as part of the
USAID Carland project (CarLand, 2000). We also obtained a recent land use map from the before-mentioned
project of European Space Agency (ESA) and the World Bank (WB) “Earth Observation for Development” initiative
— Eoworld 2. ESA provided the financial and technical capacity to procure high resolution satellite images which
were processed by the British Geological Survey. They used Object-Based Image Classification with Definiens and
ENVI software and produced a detailed land cover map for Saint Vincent. Both the detail of this map as well as
the legend are so different from the previous land cover map from 2000 that it is difficult to compare them.
Although the new land cover map was a major improvement, it still had a number of problems. One of them is
related to cloud cover, where other satellite image data (e.g. Landsat) had to be used to fill these missing parts,
leading to large differences in detail (See Figure 5-6). Also the characterization of different vegetation types was
problematic so that the new land cover map is less accurate when separating natural forest from plantation
areas. Also bare areas, built-up areas, and roads often show large differences with the actual situation (e.g. bare
rocks along the coast mapped as buildings, waste disposal site mapped as buildings etc.). Therefore the available
building footprint map and road map were used to mask out the areas of buildings and roads. Also airports,
seaports, quarries, and waste disposal sites were manually digitized by us, and were masked into the land cover
map.
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Figure 5-5: Land use/ Land cover map for 2000, generated by the CarLand project (2000)
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Figure 5-6: Detail and legend of the Land cover map of Saint Lucia. The map can be downloaded from:
http://www.charim.net/stlucia/maps
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6. Landslide susceptibility assessment

The best approach for landslide initiation susceptibility assessment at a scale of 1:25,000 - 1:50,000 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 used the available landslides to check the statistical relation with the factor maps, but
generate the actual landslide initiation susceptibility map using Spatial Multi-Criteria evaluation. Although we
have reconstructed a considerable number of past landslide in the landslide inventory, the factor maps are of
poor quality, and therefore the relationships between landslides and these factors are only indicative, and should
not be used automatically. Therefore a combination of statistical methods and expert-based methods should be
used.

6.1. Evaluation of landslide factors using bi-variate statistical analysis
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. One of the most frequently used methods for bi-variate statistical analysis is the
Weights-of-Evidence method, further referred to as WoE. The method is explained in Figure 6-1

Factor class present | Factor class not present
(B) (B)
Landslides present (S) 180 20 200 (total landslide area)
Landslides not present (S) | 3420 6380 9800 (total area free of landslides)
3600 (total area of | 6400 (total area 10000 (total study area)
factor class) outside3 factor class)
/| S1
W = log P {Bi|S/ P{B|S} = 180/200 = 0.9

" P{Bi|S} =
P(B[S} = (3600-180)/(10000-200) = 3420/9800 = 0.349

P{ §,-| S} P{B|S} = (200-180)/(200) = 20/200 = 0.1
=
{ Bi

—e

S} P{B|S} = (10000-3600-200+180)/(10000-200) = 6380/9800 = 0.6510

Figure 6-1: lllustration of the Weights of Evidence model. Above: Example of a matrix which is calculated for the
spatial overlay of a factor class (e.g. a certain slope class, or lithological unit) with landslides. The area for each
combination is shown in a hypothetical example. Lower left: equations used for the Weights of Evidence
modelling. Lower right: worked out example, based on the values in the matrix above.

The WoE technique was originally developed for quantitative mineral potential mapping to predict the location
of possible mineral deposits (Bonham-Carter et al., 1988; Bonham-Carter et al., 1989). However, it has been
successfully applied in many landslide susceptibility assessments (van Westen, 1993; Lee et al., 2002; van Westen
et al., 2008; Lee and Choi, 2004; Sizen and Doyuran, 2004; Neuhauser and Terhorst, 2007; Thiery et al., 2007;
Blahut et al., 2010;) and is based on the assumption that factors causing landslides in the past will determine the
spatial occurrence of future landslide initiation in areas currently free of landslides. A probabilistic Bayesian
approach is applied to determine the conditional probability between the presence/absence of each causative
factor and the presence/absence of a landslide. For every factor map (e.g. land-cover, lithology, etc.) a weighting
table is produced that includes for each class (e.g. grassland, bare rock) the positive weight (W+), which indicates
the importance of the “presence” of this class on the occurrence of landslides. The table also has the negative
weight (W-) which evaluates the importance of the “absence” of the class on landslide occurrence and the
Contrast factor (W+ - W-). The contrast factor is considered a measure of the overall importance of a factor map
class on the conditions causing landslide occurrence. The advantages of WoE are its quick and cost effective
approach and the capability of combining the subjective choice of the classified factors by the expert with the
objective data driven statistical analysis of the GIS. For details on the WoE methodology applied for landslide
susceptibility the reader is referred to Lee et al. (2002).
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There are several useful tools available that can be used with a conventional GIS system, without the need of
external statistical models. 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 ; Sawatzky et al., 2009)

The calculation of the Weights of Evidence is carried out using a script in the ILWIS software. A script contains a
series of commands that allow the automatic execution of a series of calculation steps for different maps. The
script used is indicated in the Figure 6-2.

= v o N ===

File Edit View Help
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T B# S

Script | Parameters | Drefault ¥ alues ‘

rem ILW/15 Script for calculating 'Weights of Evidence .
//The parameter %1 refers to the name of the factor map [e.g. SlopeClass).

/¢ The parameter %2 refers to the domain of the factor map.
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//The parameter %3 refers to the name of the landslide map, which should be a binary map with 0 and 1 values
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MO WE CROSS THE FACTOR MAPWITH THE LANDSLIDEY MAP %3
/¢ The landslide map should have either 0 or 1 values. 1 values mean landslides.
/¢ The cross table iz called c%1%3

1% 3=T ableCrozs[*%1.mpr. %3, mpr.|gnorel ndefz)
calc c%17%3 bt

/Mow we calculate one column in the cross table to indicate only the pikels with landslides
T abeale ©%1%3 npikact=iff[%3=1 NPix.0)

AN WE SE AGGREGATION FUNCTION, WITH OR WITHOUT A KEY TO CALCULATE:

//MCLASS = number of pikels in the clazz We sum the values from columns Mpix and group them by %1

//nzlclass = number of pikels with landslides in the clasz'We sum the values from columns Mpixact and group them by %1
//nmap = number of pixels with landslides in the map. ‘We sum the values from columng Mpis and don't group them
//nzlide = number of pixels with landslide in the map. "e sum the values from columns Mpisact and don't group them
//THE RESULTS ARE NOT STORED IM THE CROSS TABLE 5%1 BUT IN THE ATTRIEUTE TABLE %1

Tabeale c%1%3 151 %3 nclazs = ColumndoinSum(c® 153 tht Mpix,%1.1]
Tabeale o173 121 %3 nelclazs = Column oinS uml(c?1 %3 tbt Mpikact,%1.1)
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[/ \wie correct for the situation when Mpis1 - Mpix3 might be O pizels, and change it inta 1 pivel

Tabealc 12153 npixl {dom=value.dom; wi=0:10000000:0.001} =IFF([nslclass> 0).nslclass,0.001)
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/MO WE CALCULATE THE WEIGHTS IN THE ATTRIEUTE TAELE
T abeale t21%3 wplus {dom=value.dam; wr=-100:100:0.00001} = LN{[npix1 /npix1 +npis2])inpis3/(npis3+npixd]])
Tabcale t%1%3 wiinus {dom=value.dom; vr=-100:100:0.000001} = LM{[npix2/(npix +npis2]) {npixd [ npis3+npizd])]

m

/MO WE CALCULATE THE CONTRAST FACTOR
T abeale 153 Cw = wplus-wminus

/MO WE CALCULATE THE FINAL WEIGHT

/¢ The final weight is the sum of the positive weight and the negative weights of the other classes
T abeale t1 %3 WminSum=aggsum{wminus]

T abealc 1 %3 Wmap=wplus+'Wminsum-Wminus

/MO WE MAKE &N ATTRIBUTE MAP OF THE FINAL WEIGHTS
w1 %3 mpr = Mapdttibute[%1,t21 %3 Wmap)]
calc wi1 3. mpr =

4 T b

Figure 6-2: Weights of evidence script used in the ILWIS software.

When executing the script an input screen will ask for the input data (See Figure 6-3)

62| Page



P
B2 script for weights of evidence modelling

(S

Mame_of_factor_Map

e.g. Slopecl

Name_of_the_domain_of _the_factor_map |e.g. Slope_class |

Mame_of_landshde_map

e.q Shallow_slide|

—_ =

0K | Cancel | Hep |

Figure 6-3: Input screen for the Weights-of-Evidence script used in the analysis. The script needs three inputs:
name of the factor map (e.g. slope class, lithology), name of the domain of the factor map, and name of the
landslide map, which should be a binary map (0= no landslide, 1= landslide).

The script was analysed for each of the factor maps in combination with the landslide input. After running the
script a table is made for each factor map with the Weights of Evidence for all classes of the factor map and also
the Contrast Factor, which is the absolute difference between W+ and W-.

The results from the Weights of Evidence modelling were used to evaluate the relative contribution of the various
factor maps, and the classes of the factor maps, to landslide occurrence. We also tested out whether specific
combinations of factors had a better relation with landslides, e.g. by combining lithology with slope classes.

6.2. Results of the statistical analysis for Saint Lucia

For Saint Lucia the following factor maps were analysed using the Weights of Evidence method (See Table 6-1).

Table 6-1: Overview of the factor maps used for the statistical analysis for Saint Lucia.

Name of factor map

Explanation

Classes

Aspect input

Slope direction classes

9 classes (N, NE, E, SE,S,SW, W, NW, North2)

Coastal input

Distance from coastline

3 classes ( 0-50, 50-100, >100 m)

Elevation2 Elevation classes 5 classes (0 - 100, 100 — 265, 265 — 500, 500 —
825, 825 — 1000 m)

River input Distance from rivers 4 classes (0-25, 25-50, 50-100, >100 m)

Roads input Distance from roads 3 classes (0-25, 25-50, >50 m)

Geology Lithological units 32 geological units defining different
lithological units

Landcover_2014 Landcover map 18 classes

Slope_cl Slope steepness classes 5 classes (0—10, 10-20, 20- 35, 35-50, >50
degrees)
Soil map Soil types 7 classes defining different soil types

Erosion input

Soil erosion classes

6 classes defining different levels of erosion

Erosion_Soilmap

Combination of erosion and soil
types

27 classes, combining 6 erosion classes and 7
soil type classes

Elevation2_ASPECTCL

Combination of elevation and
slope direction classes

45 classes, combining 5 elevation classes and
9 direction classes

Elevation2_slopecl

Combination of elevation and
slope direction classes

25 classes, combining 5 elevation classes and
5 steepness classes

Elevation2_ASPECTCL_slo
pecl

Combination of elevation, slope
direction classes and slope
steepness

225 classes, combining 9 slope direction
classes, with 5 elevation classes and 5
steepness classes

Geology_Slopecl

Combination of geology and slope
classes

160 classes combining the 32 geological units
with 5 slope classes.

Landcover_Slopecl

Combination of land cover and
slope classes

278 classes combining 18 landcover classes
with 5 slope classes.

Soilmap_Slopecl

Combination of soil types and
slope classes

35 classes combining 7 soil classes with 5 slope
classes.
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Because of the difference in quality of the inventories we used two landslide inventories to analyze the relation
with causal factors: 1995 Rogers and 2010-2014 BGS inventories.

Slope steepness

Both data from 1995 and from 2010_2014 show a relation with the occurrence of landslides. Negative contrast
factors correspond to the lower slope steepness class while for the steeper slope classes resulted in positive
contrast factors due to negative and positive weights, respectively. Briefly, the steeper the slope, the higher the
positive value of contrast factor is which indicates the higher probability to find landslides in steep slopes.

0-10 10-20 20-35 35-50 >50 degrees
0 - - - m2010-2014

Figure 6-4: Contrast factors for slope steepness classes for landslides in 1995 and landslides in 2010_2014 .

Slope direction

The relation between landslides and slope direction is different for the two landslide inventories. The 2010-2014
BGS inventory shows a clear relation with slope oriented to the South (from East — West) whereas the 1995
inventory doesn’t show that relation as clear. This may be related to the direction in which the Hurricane Tomas

affected Saint Lucia, with more intense rainfall on slope oriented to the South.
North North-East East South-East South South-West West MNorth-West
1

0.8
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Figure 6-5: Contrast factors for slope direction classes for landslides in 1995 and landslides in 2010_2014

Elevation classes

Also with respect to elevation there is a difference between the two inventories. However, the difference is not
very significant. Landslides are most prominent at elevations between 265 — 825 meters. Both the low and high
elevation classes have contract factors that become negative. There are less landslide in the coastal areas, and
relatively less in the highest parts of the area above 800 m, which actually cover only a small area.
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Figure 6-6: Contrast factors for elevation classes for landslides in 1995 and 2010_2014

Distance from coast

The two inventories show a different behavior with respect to distance from the coast. This is particularly so for
the 1995 inventory which is not related to this factor at all, and therefore has high negative values for classes
close to the coast and high positive values for classes far away from the coast. The contrast factors for the 2010-

2014 are close to 0 indicating that there is not much difference.
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Figure 6-7: Contrast factors for distance from the coast classes for landslides in 1995 and 2010_2014

Distance from rivers

Both inventories do not show a clear relation with the distance to rivers. The 2010-2014 inventory has values
close to O indicating no relation at all, whereas the 1995 inventory has less landslides close to rivers. So in any
case river undercutting is statistically not a very relevant factor considering all landslides, although in particular
cases it may be important, and in some instances it may even lead to possible landslide dams. It has been
observed in some of the main triggering events, that discharges were observed that exceeded the calculated

ones by far, which could be explained by the temporary existence of landslide dams in the catchments.
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Figure 6-8: Contrast factors for distance from river classes for landslides in 1995 and 2010_2014
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Geology

The relationship of landslides with geological units is complicated. As can be observed from Figure 6-9 there are
units that show a very clear relationship with landslides. For the 2010-2014 inventory these are: aphyric basalt,
columnar andesite, dark andesite cones, St Phillips agglomerate, andesite ash and breccia. The 1995 landslide
occur in different geological units. Interesting is that the geological unit mudflow doesn’t seem to be favorable
to landslides.

P &
o & & :(“v& o~ & P P ° \?
S 2 (& iy . N &
&“:\e}‘g@qo EELy L g e dSe O e fo s e S
« A R & 01'&*\ '&?'.{g & e.\?-\d" Y. & & A S 9 @0" &Q o
v*?' & o o béqo“\qo@ PR bé»“q' & 6& v# \.’3‘@
& @"‘ P S e B F IS 5858 o
@* S T P e T o T o o e T e

T W] "'||' ]

1 H | ]w] H]

Figure 6-9: Contrast factors for geological units for landslides in 1995 and 2010_2014
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Soils
We classified the original soil map into seven main classes. They show a relation with landslides. As expected
alluvial soils have less landslides. The low scores for clay soils were different than expected, as were the low

scores for skeletal soils for the 2010-2014 BGS inventory. Colluvial soils have a positive relation with landslides.

Agglomerate
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Figure 6-10: Contrast factors for soil units for landslides in 1995 and 2010_2014

Land cover

When using land cover a relevant issue was presented, very positive contrast factor for Wetland land cover
resulted in the landslide 1995 data. This was due to the small area of this lands cover unit, and the calculation
script which assigns one pixel as landslides in those cases where there are none, to avoid division by 0 problems.
However, the undesirably result is that the weight for small units might become positive, as was in this case. We
later adjusted these results manually.
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Figure 6-11: Contrast factors for land cover in data from 1995 and data from 2010_2014.
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Distance to roads

Finally, in contrast to what we expected, we do not see a clear relation between landslides and distance to roads.
That is to say, the relation is clear that landslides are not more frequent in classes close to road than further
away. Again, thee relations are based on the entire landslide data set, and one should not conclude that distance
to roads is not relevant for landslide susceptibility. That is why it is important to not take the results of the
statistical analysis directly as the basis for the susceptibility mapping, but analyze and alter the values based on
expert opinion.
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Figure 6-12: Contrast factors for road distance classes for landslides from 1995 and data from 2010_2014.

6.3. Summary

Finally, after evaluation all the factor maps and combinations of factor maps, we have drawn conclusions on the
usefulness of the various maps for the susceptibility assessment for the two inventories. The results are
summarized in Table 6-2.

There is a clear difference between the factor maps that are considered useful for the susceptibility assessment
for the two inventories. There are less factors that seem to be useful in relation to the landslide inventory of
1995 (which were landslide points mapped by Rogers) than for the 2010_2014 polygon-based inventory
generated by the British Geological Survey. As we indicated before the inventory from 1995 has a considerably
locational error, which means that the landslide points may not represent the correct locations of landslides. This
is why the relation with causative factors becomes rather fuzzy. As we didn’t have satellite images or photos that
could be used to verify and correct the locational of the landslide points of the 1995 inventory, we were also not
able to correct for the positional errors.
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As we didn’t have enough information to separate the landslides in soil-related and rock-related landslides, we
could not evaluate the specific conditions that should be used for both. Obviously soil-related factors are less
useful as factor maps for the analysis of the susceptibility of rockslides, which are much deeper, and where soil
type doesn’t play an important role as causal factor. The geological map is perhaps more useful as a factor map
for the rockslides, which show a clearer relation with the geological units, than the soil slides, as landslides seem
to occur in nearly all units.

The weights obtained from the Weights-of-evidence modelling are a useful indication for the importance of the
various factor classes and factor maps. However, the bottom-line is that an expert should be able to explain why
a certain factor class contributes to the occurrence of landslides from a process point of view. This is difficult in
many cases, and the weights for a given factor class might be actually due to other factors that are related. As
the factor maps have problems with positional, thematic, and temporal accuracy and with lineage as well, we do
not want to use the weights from the Weights-of-evidence simply as they are, but will adjust them in an expert
based method for combining the factor maps, which will be discussed in the next section.

Table 6-2: Summary of the usefulness of the various factor maps for landslide susceptibility assessment based
on the statistical analysis for Saint Lucia.
Explanation

2010-2014

Name of factor map

Coastal_input

Distance from coastline

Elevation Elevation classes
River_input Distance from rivers

Roads_input Distance to roads

Geology Lithological units Somewhat useful
Landcover Landcover map Useful

Slope classes Slope steepness classes Useful

Aspect_input

Slope direction classes

Somewhat useful

Soil_map

Soil types

Somewhat useful

Somewhat useful

Soil erosion hazard classes

Somewhat useful

Erosion_input

6.4. Landslide initiation assessment using SMCE

For the actual landslide susceptibility assessment we have chosen to use the results of the bi-variate statistical
analysis in an expert-based weighting approach, using Spatial Multi-Criteria Evaluation.

Spatial multi criteria evaluation is a technique that assists stakeholders in decision making with respect to a
particular goal (in this case a qualitative landslide susceptibility assessment). It is a spatial tool for transparent
decision making, using spatial criteria (in the form of maps), which are combined and weighted with respect to
the overall goal, based on expert opinion. In this analysis we decided to use the SMCE module of the ILWIS
software as it is one of the best tools for SMCE. 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 6-13

From a decision-making perspective, multi-criteria evaluation can be expressed in a matrix as shown in the Figure
6-13. The matrix A contains the criteria in one axis (C; to C,), and a list of possible alternatives, from which a
decision has to be taken on the other axis (A; to Am). Each cell in the matrix (a;) 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 W) 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. a1 to ai, for
alternative A;).
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Figure 6-13: Schematic procedure for spatial multi-criteria evaluation based on the analytical hierarchical
process

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 A;. The goal (risk index) has been decomposed into criteria levels C*! and C*2.

The intermediate levels are often indicated as sub-goals or objectives (e.g. in level 1, the sub-goals are a
‘topographic index’ and a ‘soil 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 at lower levels. As the criteria consist of raster maps, their spatial performance (aj) and the
alternative (A;) will be identified for particular raster cells

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 6-18).

In this equation, v; refers to the standardised value of criterion (C;) for alternative (Aj), and weight w!; refers to
the weight of criterion (C;) 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.

The 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.

o 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.

Based on the results from the statistical analysis, which were presented in the previous section, a criteria tree
was constructed (Figure 6-14). The selection of the criteria, and the grouping, the standardization of the criteria
and the weighing of the individual factors was done iteratively. Each time the resulting susceptibility maps were
compared with the existing landslide inventory pattern to evaluate whether the areas representing high
susceptible zones were in agreement with the expert opinion derived from the image interpretation of the island.

69| Page



Criteria Tree | |
i Landslide_susceptibility -- ExpVal B 5T Lucia_Landslide_Susceptibility
= (£ 0.61 Topographic factors -- ExpVal
: By 061 Slope Steepness -- Std:Attr="Standardize' [ Slope_Classes_New
By, 0.28 Elevation -- Std:Attr="Standardize’ ER Elevation

H By 011 Aspect -- StchAttr="Standardize' B Aspect
E1-E3 0.19 Materials -- Pairwise
By, 0.50 Soils -- Std:Attr="Standardize’ i) Soil_Map
: By 0.50 Geology -- Std:Attr="Standardize’ B Geology
E-E3 0.19 Land Cover -- ExpVal
By, 075 Land Cover -- Std:Attr="Standardize' R Land_Cover_Map
By 0.25 Roads -- Std:Attr="Standardize' R Road_Cuts

Figure 6-14: Criteria tree for landslide susceptibility assessment for Saint Lucia

For the criteria selection the results from the bi-variate statistical analysis were leading, however not decisive.
For several of the criteria we decided to substitute the weights derived from the statistical analysis with expert-
derived weights. Since we are not using the weights of the statistical analysis directly as they were, we didn’t
separate the available landslide data set into a test data set and a training data set, which is customary in
statistical landslide susceptibility assessment. We used all the landslides in the exploratory statistical analysis, in
order to be able to get a complete picture of the importance of the various factors classes.

6.5. Validation of the final susceptibility maps
In the iterative process of using the Spatial Multi-Criteria Evaluation for the generation of the landslide
susceptibility maps, two methods were used to evaluate the quality of the resulting maps”:

e Visual inspection of the resulting susceptibility classes in relation with the landslide inventory pattern.
We overlaid the landslide inventories for rockslides and soil slides on the respective susceptibility maps
and evaluated the patterns. Are most of the landslide on or near to highly susceptible area? If not, what
are the factors that occur in these landslides, and could these factors be weighted more without making
too much other, currently landslide free areas, also highly susceptible? What are the reasons that some
landslides are not in the susceptible zones? This is clearly an iterative procedure, and many runs were
carried out using different configurations of the criteria trees in SMCE to adjust the result until an
optimal result was obtained.

e The generation of 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.

The resulting success rate curve is shown in Figure 6-15. From the figure it is clear that the susceptibility map
generated for the 2010-2014 inventory is better than for the 1995 inventory, as the latter one has problems with
the position of the landslides. The success rate curve for the 2010-2014 map is acceptable, although also not very
good (e.g. 70% of the landslides occur in 35% of the susceptibility map with the highest values).

Overall, the success rate is one of the methods to evaluate the quality of the resulting susceptibility map, but not
the only one. Previous work has shown that with different combinations of factors, susceptibility maps could be
generated with similar success rate curves but very different spatial patterns. Therefore the combination of the
two methods is the best in generating the best maps given the limitations in the input data.

Percentage of the landslides from 2010-2014

Percentage of the landslides from 1995

0 10 20 30 40 50 60 70 8o 90 100 0 ) a 1 @ & @

Percentage of the susceptibility map Percentage of the susceptibility map

Figure 6-15: Success rate curves for the susceptibility maps for 2010-2014 (left) and 1995 (right).
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The success rates can also be used to classify the susceptibility maps into a limited number of classes. It is
generally best to use only a few classes as this gives the best information for decision makers, and more classes
might lead to confusion. After consultation with planners and engineers from Saint Lucia and the other target
countries in the CHARIM project, we have decided to classify the susceptibility maps into the following three
classes:

e Low landslide susceptibility class: this class generally is landslide free, although under very special
circumstances it may be possible that a landslide might occur in this zone, but the density and frequency
will be extremely low.

e Moderate susceptibility: the intermediate zone is actually the most problematic for use in spatial
planning and planning/maintenance of infrastructure. This zone has some probability that landslides
might occur, although not very frequent and not with a high density. In the process of susceptibility
assessment the analysist should make sure to make the size of the moderate class as low as possible, as
it is the intermediate, or “left-over” class, which is not as meaningful as the other two classes.

e High susceptibility: this class has the highest density and frequency of landslides. Density is derived
from previous inventory and frequency by combining it with the frequency of triggering factors.

The summary statistical data for the susceptibility map is shown in Table 6-3

Table 6-3. Summary information of the low, moderate and high susceptibility classes

Landslide susceptibility
Characteristics Low Moderate
Area in square kilometres 309.2 143.8
Percentage of total area 51.3 23.8

We combined the susceptibility map with the various landslide inventories for the different years, and calculated
how many landslides were located in the three susceptibility classes, and also the landslide area. We calculated
landslide densities per class, both based on area and number density. The results are shown in Table 6-4. As can
be seen from this table the landslide susceptibility map has quite a different success for the various inventories.
If we compare the results of the landslide inventories there is a relatively good relation between the susceptibility
classes and the landslide densities, with increasing landslide density for the moderate and high susceptibility
classes. However, there are still too many landslides within the low and moderate classes. This is particularly so
for the landslides of inventories of Rogers (1995), and several others.

There are several reasons for that:

e  First of all related to the landslide locations. We are not able to check whether the landslides mapped
by others are located in the right location. Even a shift of 10 meters might result in a change in landslide
susceptibility when making the map overlay between landslides and susceptibility map.

e Secondly, the landslides are mostly mapped as either single polygons, or points. When they are mapped
as single polygons, most of the polygon will consist of the runout and accumulation areas of the
landslides, which may not correspond well with the landslide initiation susceptibility classes represented
on the map.

e Thirdly, the factor maps with which the analysis has been carried out, are mostly of poor quality. As was
mentioned in chapter 5, the Digital Elevation Map is of poor quality. Therefore the slope steepness data
are very general, and therefore may not represent the actual situation well. The effect of using such
problematic data in combination with landslide locations that are also uncertain is that the resulting
weights calculated in the bivariate statistical analysis, often have a lot of noise, and are difficult to
interpret. Also the geological map misses data in the centre of the island.

e  Finally, the method used in this chapter thus far generalizes the situation as it brings it back to a
combination of a number of factor maps, without paying much attention to the local conditions. For
instance when landslides are in general more frequent along the coast, and one would use a certain
distance buffer as factor map, this may also have influence on the susceptibility of places that are near
the coast but are not susceptible due to other reasons.
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Table 6-4. Summary information of different landslide inventories within the low, moderate and high
susceptibility classes

Landslide susceptibility
Source Characteristics Low Moderate
Susceptibility Area in square kilometres 309.2 143.8
map Percentage of total area 51.3 23.8
Rogers 1995 Landslide area (m?) - -
Number of landslides 189 172
Landslide density (percentage) - -
Landslide density (nr/km?) 0.611 1.196
Abraham and Landslide area (m?) 1896125 1332125
Rock 1995 Number of landslides 948 1002
Landslide density (percentage) 0.6 0.9
Landslide density (nr/km?) 3.07 6.97
MottMacDonalds | Landslide area (m?) 895746 330380
2010-2013 Number of landslides 138 55
Landslide density (percentage) 0.29 0.23
Landslide density (nr/km?2) 0.45 0.38
British Geological | Landslide area (m?) 36034 25135
Survey 2010 Number of landslides 6 8
Landslide density (percentage) 0.01 0.02
Landslide density (nr/km?2) 0.02 0.06
British Geological | Landslide area (m?) 886411 584162
Survey 2011 Number of landslides 178 126
(Hurricane Tomas | |andslide density (percentage) 0.29 0.41
event) Landslide density (nr/km2) 0.58 0.88
British Geological | Landslide area (m?) 389379 251827
Survey 2012 Number of landslides 75 55
Landslide density (percentage) 0.13 0.18
Landslide density (nr/km?) 0.24 0.38
British Geological | Landslide area (m?) 235867 92057
Survey 2013 Number of landslides 27 25
Landslide density (percentage) 0.08 0.06
Landslide density (nr/km?) 0.09 0.17
Christmas Eve Landslide area (m?) - -
2013 DANA Number of landslides 26.00 12.00
Landslide density (percentage) - -
Landslide density (nr/km?2) 0.08 0.08
British Geological | Landslide area (m?) 320263 214858
Survey 2014 Number of landslides 54 62
(Christmas Eve Landslide density (percentage) 0.10 0.15
2013 event) Landslide density (nr/km?) 0.17 0.43

In order to improve the final map we carried out steps 10 to 13 as described in section 2.2. First we masked with
GIS all historical landslides in the susceptibility map as class “high”, as it is possible that landslides may happen
again in these conditions, unless remedial measures have been adopted after the landslide occurrence. The next
step was to carefully check and edit the susceptibility map. This was done by exporting the map to an external
photo-editing software (CorelPhotoPaint) where it is possible to edit the three classes using the Paint tool. We
did this using a dual screen, by comparing the map with a Google Earth image and with a hill shading image
overlain with the landslide susceptibility map, plus topographic information, like rivers, roads, buildings etc. This
way each part of the area was visually checked, and the modelled zones of high, moderate and low susceptibility
were adapted when necessary, so that they reflect the best situation according to the mapping geomorphologist.
This was a rather time consuming activity, but it allowed to analyse the different parts of the map separately,
and therefore obtain results that also are valid for a local scale, and not only for a national scale. The manual
editing of the susceptibility map was also done to simplify the susceptibility units. After running the statistical
analysis and spatial multi-criteria analysis, the resulting landslide susceptibility raster map shows many small
areas with different degrees of susceptibility. Sometimes the susceptibility differs from pixel to pixel, due to
variations in the input maps (e.g. slope classes may differ very locally). In order to be able to use the resulting
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map as a basis for planning, the area should be subdivided into zones with different likelihood of landslide
occurrence. Therefore during the manual editing phases, areas are simplified, and classified into one of the three
classes, removing the large local variation. Also after completing the manual editing process, still many locations
with isolated pixels remain. These were subsequently removed in GIS using a majority filter. The resulting
landslide susceptibility map can also be converted into a polygon map. The process is illustrated in Figure 6-16.
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Figure 6-16: Examples of h
with other data (hillshading map, road map, building map, historical landslide map, original topographic map,
Google Earth images, etc). The left image shows how problems caused by the poor quality of the DEM were
fixed. The middle image shows an example of simplifying the map, by filtering and aggregating units. The right
example shows how historical landslides are included in the landslide susceptibility map.

The improved landslide susceptibility map is still quite problematic for a number of areas, where the Digital
Elevation Data was so poor that the original topographic is not properly displayed. These areas are indicated in
Figure 6-17. The landslide susceptibility map is shown in Figure 6-18.
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Figure 6-17: Areas where the quality of the landslide susceptibility map is less due to problems with the DEM,
the geological map, or both.
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Figure 6-18: Final landslide susceptibility map for Saint Lucia. The full map can be downloaded as pdf from the
following website: http://www.charim.net/stlucia/maps
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7. Landslide susceptibility assessment along the road network

The national-scale landslide susceptibility map, which was presented in the previous chapter, is a generalization,
and may not represent the situation always correctly for local situations. This is particularly so for the road
network. The nation-wide analysis doesn’t take into account the specific conditions along the road network, as
information is often lacking on the location of cut slopes, conditions of drainage along the road, and the presence
of slope stabilization measures along the road network. Also there is limited information available on the
landslides that occurred along the roads, as the road department doesn’t keep a database of these events, and
the road clearance reports are lost after a few years. Therefore it is also important to focus specifically on the
road network and derive a susceptibility map using a slightly different approach than the one for the nation-wide
study. As mentioned earlier, the landslide information along the national road network is not available as a geo-
coded dataset. Therefore these could not be taken into account when generating the landslide susceptibility
assessment at the national scale. Since landslides are a major problem along the road network in Saint Lucia, it
was decided to make a separate analysis for landslide susceptibility along the road network. The method used is
presented in Figure 7-1.
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Figure 7-1: Method used for assessing the landslide susceptibility (and hazard) along the national road network
in Saint Lucia. Landslide hazard is obtained by combining the susceptibility classification with the results of the
density-frequency analysis.

7.1 Segmentation of the road network into homogeneous sections.
Road segmentation and characterization refers to subdividing the road network into smaller segments that
possess the same spatial characteristics. This was done using available road maps with a subdivision of the roads
into the following categories:

e  Primary road

e Secondary road

e Tertiary road
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For this study only the primary road network was considered. From the Ministry of Infrastructure, Port Services
and Transport we obtained a database of the primary road network that was generated for another project (Mott
MacDonald, 2013). This was the outcome of a large project related to the rehabilitation after hurricane Tomas
in Saint Lucia. In the study they focused on the collection of previous works, analysed geology and seismicity, and
carried out a landslide susceptibility assessment along the road network, and selected a number of sites for
detailed slope stability measures. Figure 7-2 shows the landslide inventory map along the major roads of Saint
Lucia, which was prepared by Mott MacDonald (2013). The inventory mainly contain landslides occurred during
hurricane Allen (August, 1980) and hurricane Tomas (October, 2010). The road database has been updated after
major changes in the road network.

We also obtained a report from BGC (2012) generated for the Government of Saint Lucia and Caribbean
Development Bank on the preliminary landslide susceptibility assessment along the road network (Figure 7-2).

. . Preliminary Landslide

Landslides along the Major Roads s:g::;;’ri{ity nashde
g o

[ moderate

[ Moderate-high

I i

A Reconnaissance points

—— Reconnaissance route

Legend
©  Landslide Point

Road Network

Figure 7-2: Left: Landslides along the Major roads of Saint Lucia. Source: Mott MacDonald (2013). Right:
Preliminary landslide susceptibility map of the road network prepared by BGC (2012)

Besides the Mott MacDonald work, some road clearance and maintenance records from other landslide events
like the Christmas Eve event (2013) were obtained. However, these records lack workable spatial reference and
the number of landslides occurred were not mentioned (Table 3-1). Therefore, it was difficult to include them in
the study. Field work was concluded by visiting major landslide prone areas along the road.

The GIS layer of the primary road network was used to subdivide it into units of 1 km length. The lithology, soil
type and slope angle of the one kilometre road segments were extracted from the available geology map, soil
map and digital elevation model (DEM) respectively. For this purpose buffer maps along the road network were
prepared taking 50 m buffer distances on both sides. For each road segment the upslope-side buffer was
identified based on the information obtained from the road database and image interpretation. Then, for each
road segment the upslope side was selected and the other side was deleted from the buffer map. The buffer
map was then crossed with the factor maps. Finally, the geology, soil type and slope angle were assigned for road
segments, taking the predominant value (weighted by area) of each of the segment from the cross tables. These
attributes were used by other authors for similar studies and they are proved to be significant factors for road
related landslides (e.g., Das et al, 2010; Jaiswal et al, 2011; Jaiswal and Van Westen, 2013).

76 | Page



7.2 Generation of landslide inventories for specific events

We had several inventories for the road network that were already compiled by Mott MacDonald (2013). To
assess the landslide susceptibility along the road network they used density analysis taking two storm events,
namely hurricane Allen (August 3, 1980) and hurricane Tomas (October 31, 2010). The landslide inventory from
hurricane Allen was taken from the inventory of DeGraff (1985) that was incorporated in the one by Rogers
(1995). However, the inventory of Rogers (1995) also contains landslides caused by Tropical Storm Debby (1994)
and therefore it is a mix of several events. The inventory of hurricane Tomas was taken from the one from
Abraham and Rock (2010), and through fieldwork by Mott MacDonald (2013). During their analysis stage, they
selected the landslides which they considered that directly affect the primary roads and made a different
landslide datasets for both events. Then they totalled the number of landslide occurrences along a defined road
section for each of the datasets and calculated a density per km of road section as shown in Figure 7-3. Road
sections were defined based on the land morphology and locations of main towns. They supported the landslide
inventories by field visit and verifying the landslide location and characteristics.
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Figure 7-3. The results of the study by Mott MacDonald (2013) on landslide density per kilometer road. Post
hurricane Allen (left) and post hurricane Tomas (right).

7.3 Landslide susceptibility assessment along the road network
The landslide susceptibility assessment along the road network was also carried out using Spatial Multi-Criteria
Evaluation (SMCE). A criteria tree was made (Figure 7-4) with the following spatial factors: number of landslides,
slope angle, erosion, geology and soil. The number of landslides factors represents the landslides points counted
in each road segment. The landslide points were extracted from the landslide inventory made by (Mott
MacDonald, 2013). The values of the number of landslide factor range from 0 to 14 and it was standardized as
benefit using maximum value. The slope angle factor represents the upslope of the road segments and its values
range from 0 to 49. This factor was also standardized as benefit using maximum value. The erosion factor
represents the extent of erosion of the ground adjacent to the road segment, which was extracted from erosion
map of island. It was classified qualitatively as: no apparent erosion, slight erosion, moderate erosion, severe
erosion, very severe erosion and extremely severe erosion. These classes were given values between 0 and 1 for
the standardization of the factor, no apparent erosion being 0 and extremely severe erosion being 1. The geology
and soil factors were standardized based on the landslide density within each geologic unit and soil type unit
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respectively, which is discussed in section 5. The units were first ranked starting with the highest landslide density
and then they were given values between 0 and 1 for the standardization.
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Figure 7-4: Criteria tree for analysing landslide susceptibility along the road network in Saint Lucia

Other than the spatial factors mentioned above, the attribute “flat section” was used as spatial constraint. This
spatial constraint discard the flat section from the analysis by giving a value 0 in the final output. The weighing
of the spatial factors was made using a direct method. The highest weight is given to the landslide factor (0.5),
followed by slope factor which is 0.25. Geology and soil together as material, are given 0.17 weight. Out of this,
60% of the weight is for soil and 40% is for geology. Finally the remaining 0.08 weight was given to erosion.

The slope factor (considered independently) works in an ambiguous way in the case of road cuts. The steepest
slopes do not correspond unequivocally to the more susceptible slopes and for that reason the weights to
inclination ranges should not be considered in the same way as in the other soil types or natural slopes. More
emphasis should be given to this in future projects on landslides susceptibility along roads.

The results obtained from the SMCE show that the road segments have landslide susceptibility scores ranging
from 0 to 0.75 for Saint Lucia, representing road segments from the lowest to the highest susceptibility. To check
the validity of the analysis result of Saint Lucia, a success rate calculation was made. The success rate was done
using 214 landslide points along the major roads, 71 of these landslides were mapped during field work and the
remaining were obtained from the landslide inventory dataset of the whole country presented earlier. Figure 7-
5 shows the success rate graph of the susceptibility analysis for Saint Lucia. As the graph shows, about 80% of
the landslides are located in 30% of the road segments with high susceptibility scores. Considering the relatively
low quality and quantity of the data available for the analysis, we believe this is the best possible so far, although
we hope in future such results could be improved when a consistent landslide database would be maintained on
the island.
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Based on the success rate result, the susceptibility map was w A_,rr-"f
classified into three classes of susceptibility level i.e. high, w0 | ff
moderate and low. The boundaries of these classes were 2o ] y,

determined by considering the percentage of the landslides.
It was found that 80% of the landslides are located within the
high susceptible class, 15% within the moderate class and the
remaining 5% within the low susceptibility classes of the road
segments. The landslide susceptibility map along the major
roads is shown in Figure 7-6. In the map, the known previous
landslide locations are indicated with black dots.

Table 7-1 provides the summary information for the Faccaitage of the Tandiid suscasibiiiny
landslide susceptibility classes for the primary road network. map for the road ﬂuf;::d from high to low
The results show an almost equal percentage of the primary

road network in high, moderate and low susceptibility
classes. We also combined in GIS the road susceptibility map
with the national landslide susceptibility map presented in landslide map.
chapter 6. From table 7-1 you can see that this depends on

the method used.

60 4 ‘J_r'-H
50 o

40 4
30 4

20 4

Percentage of all road-related slides

o 0 20 o 40 50 60 i 8O %0 100

Figure 7-5: Success rate for the road-related
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Figure 7-6. Landslide susceptibility map along the major roads of Saint Lucia.
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If we take the predominant landslide susceptibility class for each of the 1 km road segments the results are very
different than if we subdivide the road segments into smaller segments with the same landslide susceptibility,
and then add up the length of all sub-segments within high, moderate and low landslide susceptibility. However,
for both methods it is clear that there are more segments in the low susceptibility class when we use the national
landslide susceptibility map, as compared to the specific road related landslide susceptibility map.

This shows that it is better to make a separate landslide susceptibility map for the road network. Although the
method presented here has the potential of being useful on the long run, it is not so reliable still, mainly because
of the problems involved in subdividing the road into meaningful segments, characterization of the road and
most of all, collection of locations of landslides rather than using the number of landslides along broad stretches
of the road, as was the case now. Road maintenance records should be converted into location maps by using
GPS in the field during the clearing inspection of roads. Another improvement that should be made is in the
criteria evaluation, where road cuts in different types of soil should be evaluated separately and slope shouldn’t
be an independent factor of soils in the analysis. However, this requires more detailed information on soils, and
road cuts, based on detailed field data collection along the road network.

Table 7-1. Summary information of different landslide susceptibility classes along the road network

From road analysis Landslide susceptibility class
Low Moderate

Road length (km) 57.2 40.7

Percentage 39.5 28.1

From national scale susceptibility map
When calculating intersections of road segments with susceptibility classes

Road length (km) 98.6 24.3
Percentage 68.1 16.8
When taking the predominant susceptibility per road segment
Road length (km) 112.7 12.7
Percentage 77.9 8.8
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8. Characterizing the susceptibility classes

This chapter aims to show how the landslide susceptibility classes could be characterized in terms of the expected
landslide density (in area and number) for different frequencies, and also how many buildings are located in the
various susceptibility classes.

8.1 Density and frequency information

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 mostly carried out using antecedent rainfall analysis, for which the availability of a
sufficient number of landslide occurrence dates is essential. 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 characterizing the
landslide susceptibility classes with density and frequency information. 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.
In the previous two chapters landslides susceptibility maps were presented for the entire island and for the road
network. These maps show the relative likelihood that a certain area or road segment may be affected by
landslides. However, for a hazard assessment it is also important to indicate how severe and frequent an area
might be affected. In table 6-4 landslide densities were given for the various susceptibility classes, separately for
different inventories. Later on we integrated the historical landslides within the landslide susceptibility map, so
it is not possible to calculate landslide densities from the final susceptibility map anymore.

In this section we will try to indicate what the expected landslide densities are for various return periods. The

result is shown in Table 6-1. It should be noted that these results are based on historical landslide inventories,

but that values are largely based on expert opinion.

We started by analysing the different available landslide inventories and corresponding triggering events.

Basically the following triggering events are represented:

- Hurricane Allen (1980): landslides (430) from this event are mapped by DeGraff (1985). The inventory is part
of the inventory of 1995 from Rogers, but based on Table 4-2 we assume that 430 of the landslides are
related to hurricane Allen.

- Tropical Storm Debby (1985): landslides from this event are mapped by Rogers (1995). However, from all
the landslides in her inventory (713 as indicated Table 4-2) also a number were from DeGraff. She also
indicated that the landslide mapping from Tropical Storm Debby was not complete.

- Hurricane Tomas (2010): landslides from this event were mapped by Abraham and Rock (2010) who mapped
1132 landslides and by the British Geological survey (BGS) who mapped 1025 landslides for this event. This
is the best documented event, and we can assume that the landslide mapping is also complete for the island.
The return period of Hurricane Tomas in Sa

- int Lucia is estimated to be in the order of 50-100 years, although some state the return period may be as
high as 180 years (ECLAC, 2011).

- Christmas Eve 2013 event: for this event we also have several inventories. From the Damage and Needs
Assessment survey 45 landslides were mapped, but the BGS mapped 459 active landslides of which 129 were
new ones and the other reactivated landslides from Hurricane Tomas (Table 4-4). The return period of the
2013 event is considered much lower, in the order of 25-50 years.

It is quite difficult to determine the frequency of the landslide densities due to a lack of sufficient event-based
inventories. Therefore as a summary we need to make an estimation as indicated in Table 8-1. These values are
estimations based on the data from the various tables presented earlier, and from the description of the
inventories a shown in Table 4.1. The spatial probability represents the chance that a landslide may occur in a
single location. It is similar to the area density but now shown as probability, instead of percentage values. Also
the number density is shown as the number of landslides per km?. The return periods indicated in Table 8-1 are
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pure estimations, and not based on actual calculations. Although we have calculated return periods for daily
rainfall in section 3.1.3 (Figure 3-14), these are not useful either because we do not have the information on
rainfall amounts for the specific triggering events, or because these rainfall amounts vary extensively with
elevation and exposure (See Figure 3-13).

We have separated four types of events: frequent, moderate, large and major events. We selected landslide
inventories with increasing densities to represent these four events.

The values shown in Table 8-1 are only indicative, showing that with increasing return periods, the number of
landslides and area of landslides increases and that also the spatial probability and number density increase from
frequent events to major events, and from low susceptibility to high susceptibility. The more information will
become available on landslide inventories and on return periods of triggering events, the better these
estimations can be made. Nevertheless we consider these values realistic estimations.

Table 8-1. Estimated landslide probabilities for the low, moderate and high susceptibility classes. Landslide
probability (in area) increases for low to high susceptibility classes, and from frequent to major triggering
events. Landslide frequency (in time) decreases from frequent to major events

Event Frequency Landslide inventory | Landslide probability for susceptibility classes
taken as example Low Moderate
Landslide susceptibility map Area (km?) 299.5 142.4
Percentage 49.9 23.7
Frequent <25 years Trigger: Hurricane | Landslide area 0.09 0.2
Allen (1980) Number of landslides 30 70
Mapped by DeGraff | Spatial probability 0.0003 0.0014
(1985) Landslide density (nr/km?) | 0.1 0.5
Moderate | 25-50vyears | Trigger: Debby (1994) | Landslide area (km?) 0.15 0.3
1995 Rogers inventory | Number of landslides 50 100
Spatial probability 0.0005 0.0021
Landslide density (nr/km?) | 0.2 0.7
Large 50-100 Trigger: hurricane Landslide area (km?) 0.68 0.88
years Tomas Number of landslides 90 129
2011 BGS inventory Spatial probability 0.0007 0.0041
Landslide density (nr/km?) | 0.3 0.9
Major >100 years We take the datafrom | Landslide area (km?) 0.3 0.85
all landslides Number of landslides 126 183
Spatial probability 0.001 0.006
Landslide density (nr/km?) | 0.4 1.3

8.2 Buildings located in the susceptibility classes

The final susceptibility classes can also be characterized by calculating the number of buildings located in the
various classes. Building data was available for Saint Lucia. We only had a building footprint map without any
further attributes.

The results of the building exposure analysis is shown in Table 8-2. The results show that in the entire country
2466 buildings (3.3 % of the total) are exposed to a high landslide susceptibility, 8499 (11.5 %) exposed to
moderate and the remaining 63256 buildings exposed to low landslide susceptibility. When we evaluate these
values per Parish, Castries has the highest number of buildings located in high susceptibility zones (1057), which
is related to the unplanned areas East of the cities, but also some in the South (Figure 8-1). Also buildings located
close to steep coastal cliffs which may show retrogressive failure are within the high landslide susceptible area.
The second Parish with the highest number of buildings located in high landslide susceptible areas is Soufriere
with 397 buildings.

One should be careful when using the national-scale landslide susceptibility and hazard map for evaluating the
landslide hazard of individual buildings and critical infrastructure. The scale of this map is not appropriate to
utilize it for local or detailed scale analysis. Other, more detailed landslide hazard methods should be used for
these scales, which also require more detailed information on soil characteristics, such as soil depth, hydrological
and geotechnical properties.

It is also possible to overlay the final susceptibility map with the roads, and agricultural fields and calculated the
number, length or area per administrative unit, exposed to high, moderate and low susceptibility. However, given
the extent of this report, we decided not to present that here.
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Figure 8.1: Landslide susceptibility of buildings in the area of Castries, based on the national scale landslide
susceptibility map. Note: this map is not suitable for analysing local and site investigation scale

Table 8-2. Buildings exposed to low, moderate and high susceptibility classes for the whole country and for

individual Parishes.
Parish Characteristic Landslide susceptibility classes
Low Moderate
All Nr of buildings exposed 63256 8499
Percentage of all buildings | 85.2 11.5
Anse-La- Nr of buildings exposed 1035 245
Raye Percentage of all buildings | 76.0 18.0
Canaries Nr of buildings exposed 302 136
Percentage of all buildings | 58.5 26.4
Castries Nr of buildings exposed 17948 4853
Percentage of all buildings | 75.2 20.3
Choiseul Nr of buildings exposed 3240 145
Percentage of all buildings | 91.8 4.1
Dennery Nr of buildings exposed 5260 679
Percentage of all buildings | 85.9 11.1
Gros-Islet Nr of buildings exposed 12888 1074
Percentage of all buildings | 91.0 7.6
Laborie Nr of buildings exposed 3075 369
Percentage of all buildings | 84.3 10.1
Micoud Nr of buildings exposed 7451 429
Percentage of all buildings | 93.9 5.4
Soufriere Nr of buildings exposed 3162 364
Percentage of all buildings | 80.6 9.3
Vieux-Fort Nr of buildings exposed 8879 204
Percentage of all buildings | 97.2 2.2
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9 Conclusions and recommendations

9.1 Conclusions
The original aim of this study was to generate a national-scale landslide susceptibility map for Saint Lucia. The
available data turned out to be insufficient to generate reliable results. We therefore generated several new data
layers, and adjusted quite some of the existing data:

e We generated a new database of disaster events for Saint Lucia using all available data, making use of
many different sources, which was presented in Table 3-2. This is the most complete inventory up to
our knowledge.

e We also compiled all available landslide data from different sources, which was not an easy task. We
were very fortunate to get the help of the British Geological Survey in this task. They generated a
completely new landslide inventory using multi-temporal visual image interpretation, and generated an
extensive landslide database for Saint Lucia.

e BGS also provided us with a new land use/ land cover map.

We analyzed the triggering conditions for landslides as far as was possible given the available data, and generated
rainfall magnitude-frequency relations. Rainfall magnitude-frequency relations for different landslide densities
might not be required for a landslide susceptibility assessment, but they are important to convert susceptibility
into hazards. However, there were not enough data (both in terms of landslide dates and date-related
inventories) to be able to calculate magnitude-frequency relations for landslides, in terms of the number or
density of landslide per different frequencies. In the end the estimation of these relations as shown in Table 8-1
are difficult to prove with the current data. We did it anyway in order to show the order of magnitude that could
be expected, however, the frequencies are just a guess.

We applied a method for landslide initiation susceptibility assessment that is the best possible, given the
availability of data. The bi-variate statistical analysis provided indications on the importance of the possible
contributing factors, but the actual combination of the factor maps was done using a subjective expert-based
iterative weighing approach using Spatial Multi-Criteria Evaluation. 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. It is 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 country or situation the experts that do the analysis should decide what the main
contributing factors are, what their relative importance is, and assign the weights.

The method for landslide susceptibility assessment was further expanded by including the historical landslides
in the susceptibility map and by manual editing of the final map. The whole map was visually checked, and the
modelled zones of high, moderate and low susceptibility were adapted when necessary, so that they reflect the
best situation according to the mapping geomorphologist. This was a rather time consuming activity, but it
allowed to analyse the different parts of the map separately, and therefore obtain results that also are valid for
a local scale, and not only for a national scale. The manual editing of the susceptibility map was also done to
simplify the susceptibility units. Any further study, at a national scale, or at local or site-investigation scale should
include such a manual reviewing by expert geomorphologists, both in the office as well as in the field.

The final landslide susceptibility map, made after the above described procedure, is a much better susceptibility
map than the one which was resulting from the bivariate statistical and multi-criteria evaluation. There are
certain parts of the landslide susceptibility map, where the information is not adequate to a lack of reliable
topographic and or geological data (Figure 6-17)

We initially were also planning to generate both initiation and accumulation (run-out) susceptibility. However,
given the small scale of the analysis and the large area covered (and the related large computation time using an
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empirical run-out model like FLOW-R) we decided not to do that. In more local scale assessments such runout
analysis should be incorporated though.

We characterized the landslide susceptibility classes in terms of the expected landslide density (in area and
number) for different frequencies, and also how many buildings are located in the various susceptibility classes.
We therefore combined the landslide inventories for the different periods, with the final landslide susceptibility
map. The result was shown in Table 8-1.

The national scale landslide susceptibility and hazard assessment should not be used to evaluate local scale or
site-investigation problems. The analysis was done using raster maps with a spatial resolution of 5 meters,
containing 8921 lines and 4455 columns. Most of the input data was obtained from 1:25000 or even 1:50000
scale maps. Also given the relatively poor quality of the factor maps (especially the Digital Elevation Model, the
geological map and the land use map) the local variations are not properly depicted in the final map. 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 GIS models that are applied at a local scale (SINMAP, TRIGRS, SHALSTAB, STARWARS, PROBSTAB) make
use of the infinite slope model and are therefore only applicable to modelling shallow translational landslides.
At site investigation scale it is possible to apply 2-D Limit equilibrium methods with groundwater flow and stress
analysis (E.g., SLOPE/W, SLIDE, GALENA, GSLOPE), 3-D slope stability analysis (e.g. CLARA-W, TSLOPE3, SVSLOPE)
or numerical modelling (e.g. continuum modeling (e.g. finite element, finite difference) , like FLAC3D, VISAGE,
or discontinuum modeling (e.g. distinct element, discrete element), e.g. UDEC).

The final national landslide susceptibility and hazard map is called that because it is basically a landslide
susceptibility map, which divides the country in three zones with a different likelihood of landslide occurrence.
However, based on the available data we also tried to express information on the magnitude of landslides (in
terms of the expected landslide density) and the related frequency, which are both related to the hazard
component. The final legend of the susceptibility map is given in Table 9-1.

Table 9-1. Characterization of the landslide susceptibility classes.

landslides/km?

landslides/km?

landslides/km?

Susceptibility | Explanation Estimated landslide probabilities for different return periods
Frequent Moderate Large Major
Low This class generally is landslide | 0.0003 0.0005 0.0007 0.001
free, although under special
circumstances it may be possible | 0.1 0.2 0.3 0.4
that a landslide might occur in | landslides/km? | landslides/km? | landslides/km? | landslides/km?
this zone, but the density and
frequency will be low.
Moderate This class has some probability | 0.0014 0.0021 0.0041 0.006
that landslides might occur,
although not very frequent and | 0.5 0.7 0.9 1.3
not with a high density. landslides/km? | landslides/km? | landslides/km? | landslides/km?
This class has the highest density | 0.006 0.01 0.02 0.04
and frequency of landslides.
2.1 3.5 5.1 9.6

landslides/km?
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9.2 Recommendations
This study tried to generate the best possible landslide susceptibility and hazard map at a national scale given
the limitations of data availability and time. Nevertheless, in order to be able to make a reliable landslide hazard
map that also represents future changes the following recommendations are given:

1. Establishment of a national landslide database.
Currently there is no single organizations
responsible for generating and maintaining
landslide data in Saint Lucia. The Ministry of
Infrastructure, Port Services and Transport
generates road clearance reports that could
be easily converted into a landslide database.
However, the current situation is that these
data get lost after some years. The National
Emergency Management Office receives
information about emergencies, which also
include landslide events. However, when we
asked them for a database they were not
able to provide one. Also the spatial planning

division requires landslide data for based hazard reporting system Aderns
generating land use plans, and for building developed for another country [
permit issuing. The current practice is that e

landslide data is collected by external parties o | taan

within international projects. There is a need to develop a national landslide database, which requires that one
organization is made responsible for generating and maintaining such a database, and where several other
organizations should contribute. This will require additional funding from a donor agency to set it up. The
landslide inventory should be stored in a web-mapping application, with a Google Earth or other background,
where various national and international organizations can consult the existing landslide information, and where
new landslide events can be added by government organizations, local people, news media, NGO’s etc. A close
collaboration with the online newsmedia in Saint Lucia is highly recommended, as they have reported many
landslide events, with additional photo or video footage, which could be easily linked to a geolocation, and stored
in such a database so that the information is not lost. It is very important to get better data on the location, type,
damage and especially the date of landslide events, so that in future a correlation between rainfall characteristics
and landslide incidences, and the establishment of rainfall thresholds, and frequency/magnitude relationships
can be properly carried out. These reported events would be stored in a separate database, which is used by the
national responsible organization for landslide inventory mapping, as the basis for checking. These are added to
the actual database only after they have been checking by an expert. This will also allow the continuation of the
landslide database in future. It is essential that there is a close collaboration between the various national
organizations that have to deal with landslides. However, one organization should be the nodal agency
responsible for setting-up the national landslide database.
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2. Generating a national LiDAR survey.
Currently, the Digital Elevation Data for Saint Lucia is of poor quality. The available contour data have no
metadata, and their quality is very poor, and the resulting Digital Elevation Model doesn’t depict the actual steep
topography and surface conditions that are so essential for landslide susceptibility assessment. The generation
of a national LiDAR-based survey would enable improvement of many of the above mentioned deficiencies.
Topographic data would greatly improve when it is based on LiDAR data, allowing generation of a so-called bare-
surface model of the terrain, even under dense vegetation, provided that the density of LiDAR points during the
survey is high enough. A detailed bare-surface model would allow for interpretation of geomorphological
evidence of old landslides, and other relevant geological and geomorphological features much better (Razak et
al., 2013), as we did for Saint Vincent and Grenada, which already have such a LiDAR—derived Digital Elevation
Model (DEM). DEM derivatives such as slope steepness, slope direction, local drain direction, flow accumulation,
slope convexity and slope length would be much more accurate than they are now. LiDAR-derived DEMs are also
essential for other applications, such as for flood hazard assessment, where very local topographic differences
are important, and also for many other application related to hazard and risk assessment, forestry, agriculture,
and tourism. LiDAR data would also allow to generate building footprint maps in an automatic way, and would
also allow to record building heights, which are very useful for exposure and risk assessment, but also for a large

86|Page



number of other planning and management activities related to housing, schooling, shelter planning, health,
social aspects etc. And LiDAR survey would also allow to generate an improved landuse map, in combination with
the optical images that are normally collected simultaneously with a LiDAR survey. Vegetation characteristics
(height of vegetation, density etc.) can be derived from LiDAR data.

3. Updated engineering geological map

The available soil map was made a long time ago without the new technology that is now available. The available
map is also focusing on pedologic soils, which makes it less useful for landslide applications, where we are more
interested in engineering soils and their characteristics. The existing geological map focuses on the description
of the age and origin of the rocks rather than on their engineering characteristics. Therefore there is a need to
generate an engineering geological map for Saint Lucia that would describe engineering soil and rock types.
Engineering soils need to be described with respect to their origin (e.g. weathering soil, colluvial soil, alluvial
etc.), grainsize composition, depth, geotechnical characteristics (soil strength, atterberg limits etc.) and
hydrological characteristics (infiltration capacity, hydraulic conductivity, pore space etc.). Engineering rock types
should focus on their lithology, depth of weathering zones, and geotechnical characteristics (rock strength,
discontinuities etc.) (Chacon et al., 2006). The updated engineering geological map should be generated on the
basis of a detailed terrain mapping, which should be done using the LiDAR-based hillshading image as a basis, by
an experienced geomorphologist. Based on the terrain classification, individual material units are outlined, which
are subsequently described in term of material types, vertical sequences and depths of soil layers. Based on the
classification of the material types a stratified sampling scheme should be designed to sample the various types
of materials and test them in the field for infiltration capacity, and in the laboratory for saturated hydrological
conductivity, density, porosity, swelling clay potential, cohesion and angle of internal friction.

4. Carrying out a landslide run-out assessment.
The method focuses on the assessment where landslides are likely to initiate, and not on the possible run-out
areas. Run-out susceptibility assessment should be taken into account when doing local and site-investigation
studies.
For run-out assessment at the local scale an empirical run-out model Flow-R, developed by the University of
Lausanne, could be used. Flow-R (Horton et al.,, 2013) is 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 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. The software calculates probably flowpaths
from source points based on energy line calculations. 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.
For run-out assessment at the site-investigation scale it is advised to use physically-based run-out models, such
as Flow-2D or RAMMS. An overview of available models is given by Quan Luna (2012).

5. Incorporate possible landslide blockage in flash flood modelling

For the analysing of the maximum discharge in the design of bridges and culverts, it is also important to take into
account the possible locations of damming landslides. Landslide dam susceptibility assessment is a difficult topic,
but some interesting developments have been made by Fan et al. (2012; 2013). An analysis can be carried out of
minimum landslide volumes required to dam a river, in relation with landslide susceptibility assessment.
Historical information on landslide locations along the river network are very important for this. Another option
is to develop an integrated modelling framework for extreme land surface processes, combining flash flood and
landslide processes in the same model. For this, the OpenLISEM model will be altered to include sediment
transport in flood water, slope stability and debris flows. Any interactions between these phenomena will be
estimated on a physical basis and validated using field measurements. In the second phase, the equations that
are used for individual flow domains, which are based on assumptions about flow characteristics, will be unified.
In the third phase, the creation of a series of extreme climatic events will be investigated. Based on catchment
properties and modelling, events with substantial influence on land surface processes will be selected.
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6. Further training and discussion

The current version of the landslide susceptibility and hazard map should be discussed extensively with the
experts in the various government departments, but especially with the Spatial Planning Division and the Ministry
of Public Works. The use of this map in land use planning, building permit issuing and land subdivision process
should be further discussed. Also recommendations with respect to landslide hazard assessment at the local and
detailed level should be discussed with the local organizations. Further training on the use of the maps and the
method for generating them would also be important, especially when one government organization would be
give the responsibility for generating and maintaining a national landslide database, this organization should also
be trained in using that data for updating the national and local scale landslide hazard maps. Further training is
also required in the use of spatial data and the sharing of spatial data through the GeoNode.

We recommend that the landside susceptibility and hazard map is updated once more detailed input data
become available (e.g. the LiDAR data) or after a major triggering event.

7. Implications of the susceptibility classes for planning

The landslide susceptibility map should be used by planners and other professionals as the source of information
on where landslide problems can be expected in future. Although the map is a national scale map, in the
preparation also local situations were taken into account during the map editing stage. However, the map is still
a national scale map and cannot be used for local or site specific planning.

We recommend the following use of the susceptibility classes:

e Low susceptibility: For planners there is no limitation with respect to expected landslide problems in
the development of these areas. No special care should be taken by engineers with respect to planning
and maintaining infrastructure in these areas with respect to landslides. Of course it is important to also
check the other hazard maps for these areas. Of course it is important to also check the flood hazard
maps for these areas, as areas that are flat and near a river or coast might be still flood prone.

e Moderate susceptibility: It is advised to carry out a more detailed landslide study for residential
development and for critical infrastructure. There is no need to avoid these areas altogether, but care
should be taken that landslides might occur. This class is actually the most problematic for use in spatial
planning and planning/maintenance of infrastructure, as it is an intermediate class.

e High susceptibility: There are severe restrictions with respect to expected landslide problems in these
areas. The best is to avoid these areas in the development of future residential areas or critical
infrastructure whenever possible. Development plans should always incorporate a more detailed study
of landslide hazard in these areas. Engineers should consider the high landslide hazard when designing
or maintaining infrastructure. Further evaluations would have to be carried out before allowing new
constructions — be that an expert inspection of the site, detailed slope stability evaluations — that may
depend on the importance of the asset (e.g. a private building would be dealt with differently than a
hospital)

One could argue that it is not possible to make the underlying implications for planning, given the high level of
uncertainty, related to the poor quality of data, and that making restrictions based on this map can generate an
immediate conflict with the inhabitants of the areas that are located in areas of "high sensitivity". However, the
alternative is not to use any guidance map and wait until more detailed maps are available with the utopy that
these will be without uncertainty. It is better to act now, even based on maps that are uncertain, than to increase
the risk in potentially dangerous area, leading to losses of life and investments.

88| Page



10 References:

Abraham, A. and Rock, R. (2010) Landslide inventory map for Hurricane Tomas in Saint Lucia. Digital map, available from:
http://www.charim-geonode.net/layers/geonode:landslides 2010

Aleotti P (2004) A warning system for rainfall-induced shallow failures. Eng Geol 73: 247-265.

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

Andereck, Z. D. (2007). Mapping Vulnerability of Infrastructure to Destruction by Slope Failures on the Island of Dominica,
WI : A CASE STUDY OF GRAND FOND , PETITE SOUFRIERE , AND MOURNE JAUNE. Faculty of Miami University.

Anderson, M. G. (1983). Road-cut slope topography and stability relationships in St Lucia, West Indies. Applied Geography,
3(2), 105-114.

Anderson, M.G. and Kneale, P.E. 1985. Empirical approaches to the improvement of road cut slope design, with special
reference to St. Lucia, West Indies. Singapore Journal of Tropical Geography. Vol. 6, No. 2.

Anderson, M. G., Holcombe, E., Blanke, J.R., Ghesquir, F., Holm-Nielsen, N., & Fisseha, T. (2011). Reducing landslide Risk in
communities: evidence from the Eastern Caribbean. Applied Geography, 31(2), 590-599.

Anderson, M., & Holcombe, E. (2013). Community-Based Landslide Risk Reduction: Managing Disasters in Small Steps. The
World Bank, Washington DC, 447p.

Ardizzone, F., Cardinali, M., Carrara, A., Guzzetti, F. and Reichenbach, P.: Impact of mapping errors on the reliability of
landslide hazard maps, NHESS, 2(1/2), 3-14, 2002.

ACOE (ARMY CORPS OF ENGINEERS), 2004, Water Resources Assessment of Dominica, Antigua, Barbuda, St. Kitts andNevis:
Mobile District and Topographic Engineering Center Report, U.S. Army Corps of Engineers, Mobile, AL, 94 p.

Areces-Mallea, A., Weakley, A.S., Li, X., Sayre, R.G., Parrish, J.D., Tipton, C.V., and Boucher, T., 1999. A guide to Caribbean
vegetation types: classification systems and descriptions. Arlington, Va., The Nature Conservancy.

Arlington, J. (2014) THE LAYOU, CARHOLM and MATTHIEU STORIES 1997-2014. A Compilation of Dominican Newspaper
Items and Local Journal Articles on the Layou-Carholm-Matthieu Disasters of 1997 and 2011, and on the Precursors and
Aftermaths of those Disasters. Report.

Benavot, A. and Riddle P., 1988. The Expansion of Primary Education, 1870-1940: Trends and Issues. Sociology of
Education, Vol. 61, No. 3 pp. 191-210.

Benson, C., Clay, E., Michael, F.V., and Roberston, A.W., 2001, Dominica: Natural Disasters and Economic Development in a
Small Island State, Disaster Risk Management Working Paper Series No. 2

BGC (2012) Saint Lucia Landslide Risk Assessment APPENDIX B — Trip Report. Government of Saint Lucia and Caribbean
Development Bank Proposal No: P11-138, 27 pages.

Blahut, J., van Westen, C.J., Sterlacchini, S., 2010. Analysis of landslide inventories for accurate prediction of debris-flow
source areas. Geomorphology, 119(1-2), 36-51.

Blight, G.E. 1997. Mechanics of Residual Soils. Blight, G.E. (Ed.). Technical Committee 25 on The Properties of Tropical and
Residual Soils of the Int. Soc. For Soil Mech. And Found. Eng. Rotterdam: Balkema.

Bonham-Carter, G.F., Agterberg, F.P., Wright, D.F., 1988. Integration of geological datasets for gold exploration in Nova
Scotia. Photogrammetric Engineering and Remote Sensing, 54(11), 1585-1592.

Bonham-Carter, G.F., Agterberg, F.P., Wright, D.F., 1989. Weights of evidence modelling: a new approach to mapping
mineral potential. In: D.F. Agterberg, G.F. Bonham-Carter (Eds.), Statistical Applications in Earth Sciences. Geological
Survey of Canada, Ottowa.

Breheny, P., 2007, Hydrogeologic/Hydrological Investigation of Landslide Dam and Impounded Lake in the Matthieu River
Valley, Commonwealth of Dominica, West Indies: Unpublished M.S. Dissertation, University of Leeds, United Kingdom.

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

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.

CDB (2006) Final Project Report Development of Landslide Hazard Maps for St. Lucia and Grenada, The Caribbean
Development Bank (CDB) and The Caribbean Disaster Emergency Response Agency (CDERA).
http://www.caribank.org/wp-content/uploads/2012/03/LandslideHazardMappingFinal Report 2-28-06.pdf

CDERA. 2006. Development of Landslide Hazard Maps for St. Lucia and Grenada. Final Project Report for the Caribbean
Development Bank (CDB) and the Caribbean Disaster Emergency Response Agency (CDERA).

CEPAL 1979. Report on effeccs of Hurricane Davidon the island of Dominica. UN Economic and Social Council Rept. 1099

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.

Coan, M., Wood, E., and Reillo, P. (2007). Forest Formation and Land Cover Map Series: Dominica.
http://Ica.usgs.gov/Ica/carland/data/dominica/dominica_lulc_final.tif.htm

Coles, S. 2001. An Introduction to Statistical Modeling of Extreme Values,. Springer-Verlag. ISBN 1-85233-459-2.

Commonwealth of Dominica (2015). Rapid Damage and Impact Assessment Tropical Storm Erika — August 27, 2015. 86 p.

Cooper, V. and Opadeyi, J. 2006. Flood hazard mapping of St. Lucia. Final report for the Caribbean development bank,
February, 2006

Corominas J, Moya J (1999) Reconstructing recent landslide activity in relation to rainfall in the Llobregat River basin,
Eastern Pyrenees, Spain. Geomorphology 30(1-2):79-93. doi:10.1016/s0169- 555x(99)00046-x

89| Page



Corominas J (2000) Landslides and climate. Keynote lecture- In: Proceedings 8th International Symposium on Landslides,
(Bromhead E, Dixon N, lbsen ML, eds). Cardiff: A.A. Balkema, 4: 1-33

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.

Crosta G (1998) Regionalization of rainfall thresholds: an aid to landslide hazard evaluation. Environ Geol 35(2):131-145.
doi:10.1007/s002540050300

Crosta GB, Frattini P (2001) Rainfall thresholds for triggering soil slips and debris flow. In: Proceedings 2nd EGS Plinius
Conference on Mediterranean Storms (Mugnai A, Guzzetti F, Roth G, eds). Siena: 463— 487

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

Dahal RK, Hasegawa S (2008) Representative rainfall thresholds for landslides in the Nepal Himalaya. Geomorphology
100(3-4):429-443. d0i:10.1016/j.geomorph.2008.01.014

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

Das, ., Sahoo, S., van Westen, C.J., Stein, A. and Hack, H.R.G.K. (2010) Landslide susceptibility assessment using logistic
regression and its comparison with a rock mass classification system along a road section in the northern Himalayas. In:
Geomorphology, 114 (2010)4 pp. 627-637

DeGraff, J. V. (1985). Landslide Hazard on St. Lucia, West Indies. A Report Submitted to the Natural Hazards Pilot Project,
Department of Regional Development, Organization of American States, 21.

DeGraff, J.V., 1987. Landslide hazard on Dominica, West Indies-Final Report. Washington, D.C., Organization of American
States.

DeGraff, J.V., Bryce, R., Jibson, R.W., Mora, S., and Rogers, C.T., 1989, Landslides: Their extent and significance in the
Caribbean, Proceedings of the 28th International Geological Congress: Symposium on Landslides

DeGraff, J. V., 1991: Determining the significance of landslide activity: Examples from the Eastern Caribbean. Caribb. Geogr.,
3, 31-42.

DeGraff, J.V., James, A. and Breheney, P., 2010. The Formation and Persistence of the Matthieu Landslide-Dam Lake,
Dominica, W.I.. Environmental & Engineering Geoscience, Vol. XVI, No. 2, May 2010, pp. 73—-89

DeGraff, J.V., Romesburg, H.C., Ahmad, R, and McCalpin, J. 2012. Producing landslide-susceptibility maps for regional
planning in data-scarce regions. Nat Hazards (2012) 64:729-749

DeGraff, J. V. and Rogers, C. T., 2003, An unusual landslide dam event in Dominica, West Indies: Landslide News, No. 14/15,
pp. 8-11.

Disaster Risk Management in Latin America and the Caribbean Region: GFDRR Country Notes(2009). The combination of
rainfall, geology and topography in Dominica is particularly favorable to the development of landslides of various types.

Dijkstra, T., Dixon, N., Crosby, C., Frost, M., Gunn, D., Fleming, P., & Wilks, J. (2014). Forecasting infrastructure resilience to
climate change. Proceedings of the ICE-Transport, 167(5), 269-280.

D’Odorico P, Fagherazzi S (2003) A probabilistic model of rainfall-triggered shallow landslides in hollows: a long-term
analysis. Water Resour Res 39(9). doi:10.1029/2002wr001595

DOMEX project. : http://www.domex2011.com/rain-gauge-network

ECLAC Report (2011). Saint Lucia: Macro socio-economic and environmental assessment of the damage and losses caused
by Hurricane Tomas: a geo-environmental disaster. Towards Resilience. Economic Commission for Latin America and
the Caribbean. 183pp.

Fairbridge, R.W., 1975c. Windward Islands. In R.W. Fairbridge (ed.), The Encyclopedia of World Regional Geology, Part 1:
Western Hemisphere, p. 667. Stroudburg, Dowden, Hutchinson and Ross.

Faugeres, M.L., 1966. Observations dur le modele des versants dans la region des Pitons du Carbet (Martinique). Assoc.
Geographes Francaise Bull. 342-343: 52-63

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. D0OI:10.1016/j.enggeo0.2008.03.022

Finlay, P. J., Fell, R., & Maguire, P. K. (1997). The relationship between the probability of landslide occurrence and rainfall

Foster, C., Pennington, C. V. L., Culshaw, M. G., & Lawrie, K. (2012). The national landslide database of Great Britain:
development, evolution and applications. Environmental Earth Sciences, 66(3), 941-953.

Frattini P, Crosta G, Sosio R (2009) Approaches for defining thresholds and return periods for rainfalltriggered shallow
landslides. Hydrol Process 23(10):1444-1460. doi:10.1002/hyp.7269

Galli, M., Ardizzone, F., Cardinali, M., Guzzetti, F. and Reichenbach, P.: Comparing landslide inventory maps,
Geomorphology, 94(3-4), 268-289, 2008.

Garnier C. and Legendre Y. — coll. Devenoges Q. (2015) — Technical assistance mission to the Government of Dominica -
Expertise on land movements following the passage of tropical storm Erika, 26 - 28/08/2015. Final report. BRGM/RC-
65203-FR, 67 p., 52ill., 4 app.

Gay, D. and ROGERS, C (2000) Black Mallet Landslide, Preliminary Geotechnical Evaluation - Department of Civil
Engineering, The University of The West Indies, Saint Augustin, Trinidad and Tobago 2000 — URL:
http://www.geocities.com/black mallet/blackmalletuwi.htm

90| Page



Giannecchini R, Galanti Y, Avanzi GD (2012) Critical rainfall thresholds for triggering shallow landslides in the Serchio River
Valley (Tuscany, Italy). Nat Hazards Earth Syst Sci 12(3):829-842. doi:10.5194/ nhess-12-829-2012

Gibson, A. D., Culshaw, M. G., Dashwood, C., & Pennington, C. V. L. (2013). Landslide management in the UK—the problem
of managing hazards in a ‘low-risk’ environment. Landslides, 10(5), 599-610

Gilleland, E. (2015). Package “ extRemes ” (p. 115).

Glade T (2000) Applying probability determination to refine landslide-triggering rainfall thresholds using an empirical
““antecedent daily rainfall model”. Pure Appl Geophys 157(6):1059-1079. doi:10.1007/ s000240050017

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

Godt JW, Baum RL, Chleborad AF (2006) Rainfall characteristics for shallow landsliding in Seattle, Washington, USA. Earth
Surf Proc Land 31(1):97-110. doi:10.1002/esp.1237

Government of Saint Lucia (2006) Landslide Response Plan. https://www.academia.edu/18780414/Landslide Plan

Government of Saint Lucia (2011) National Emergency Management System.

http://siteresources.worldbank.org/EXTLACREGTOPNUT/Resources/4160377-1357590589927/8996498-
1357590799892/8996560-1357606820134/WB St Lucia OECS 2011.pdf

GSL, G. of S. L., & WB, W. B. (2014). Saint Lucia, Joint Rapid Damage and Needs Assessment, Flood Event of December 24-
25,2013 (p. 66).

Guha-Sapir, D., Below,R., Hoyois, P. - EM-DAT: International Disaster Database — www.emdat.be — Université Catholique
de Louvain — Brussels — Belgium.

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. (2005). Landslide hazard and risk assessment. Concepts, methods and tools for the detection and mapping of
landslides, for landslide susceptibility zonation and hazard assessment, and for landslide risk evaluation (Doctoral
dissertation, PhD Thesis, Bonn).

Guzzetti F, Peruccacci S, Rossi M, Stark CP (2007) Rainfall thresholds for the initiation of landslides in central and southern
Europe. Meteorol Atmos Phys 98(3):239-267. doi:10.1007/s00703-007-0262-7

Hartford, D., and Mehigan, P.J., 1984, Rain -induced slope failures in the Commonwealth of Dominica, West Indies: 5th
International Symposium on Landslides, vol.3, p.87-89

Helmer, E. H., Schill, S., Pedreror, D. H., Kennaway, T., Cushing, W. M., Coan, M. J., Wood, E. C., Ruzycki, T.,& Tieszen, L. L.
(2007). Forest formation and land cover map series-Caribbean Islands. U.S. Geological Survey/Earth Resources
Observation and Science (EROS), Land Cover Applications and Global Change, International Land Cover and Biodiversity,
Caribbean Land Cover Analyses.

Helmer E. H., Kennaway T. A., Pedreros, D. H., Clark, M. L., Marcano-Vega, H., Tieszen, L. L., Ruzycki, T. R., Schill, S. R. &
Carrington, C. M. (2008). Land cover and forest formation distribution for St. Kitts, Nevis, St. Eustatius, Grenada and
Barbados from Decision Trees classification of cloud-cleared satellite imagery. Caribbean Journal of Science, 44, 175-
189.

Holcombe, E. & Anderson, M. (2010). Tackling landslide risk: Helping land use policy to reflect unplanned housing realities in
the Eastern Caribbean. Land Use Policy, 27, 798 — 800.

Holcombe, E., Smith, S., Wright, E., & Anderson, M. G. (2011). An integrated approach for evaluating the effectiveness of
landslide risk reduction in unplanned communities in the Caribbean. Natural Hazards (Vol. 61, pp. 351-385).
doi:10.1007/s11069-011-9920-7

Horton, P., Jaboyedoff, M., Rudaz, B., Zimmermann, M., 2013. Flow-R, a model for susceptibility mapping of debris flows
and other gravitational hazards at a regional scale. Natural Hazards and Earth System Sciences 13, 869-885.

Hurricane City (http://www.hurricanecity.com/city/dominica.htm)

Hurst, M. D., Ellis, M. A., Royse, K. R., Lee, K. A., & Freeborough, K. (2013). Controls on the magnitude-frequency scaling of
an inventory of secular landslides. Earth Surface Dynamics, 1, 67-78.

INCREO (http://www.increo-fp7.eu/)

Iverson, R. M., 2000: Landslide triggered by rain infiltration. Water Resour. Res., 36, 1897-1910.

Jaiswal, P., van Westen, C.J. and Jetten, V.G. (2011) Quantitative assessment of landslide hazard along transportation lines
using historical records. In: Landslides : journal of the International Consortium on Landslides, 8 (2011)3 pp. 279-291.

Jaiswal, P. and van Westen, C.J. (2013) Use of quantitative landslide hazard and risk information for local disaster risk
reduction along a transportation corridor : a case study from Nilgiri district, India. In: Natural hazards : journal of the
international society for the prevention and mitigation of natural hazards, 65 (2013)1 pp. 887-913

Jalloh, M. (1993). Treatment-oriented land capability reclassification of the steeplands of St. Lucia. UNDP Project
STL/88/001.St.Lucia, 64 pp

Jones, P.D.; Harris, I. (2008). Climatic Research Unit (CRU) time-series datasets of variations in climate with variations in
other phenomena. NCAS British Atmospheric Data Centre, date of citation.
http://catalogue.ceda.ac.uk/uuid/3f8944800cc48elcbc29a5eel12d8542d

Jordan, C. J. & Grebby, S. (2014) Risk Information Services for Disaster Risk management (DRM) in the Caribbean: Service
Readiness Document. British Geological Survey Open Report ) OR/14/064 and ESA Technical Report.

Jordan, C.J., Grebby, S., Dijkstra, T., Dashwood, C. and Cigna, F. (2015). Risk information services for disaster risk
management (DRM) in the Caribbean. Operational documentation. European Space Agency (ESA) “eoworld 2” initiative.
British Geological Survey, Natural Environment Research Council.

91| Page



Klein Tank, A.M.G., Zwiers, F.W. and Xuebin Zhang. 2009. Guidelines on Analysis of extremes in a changing climate in
support of informed decisions for adaptation. WMO Climate Data and Monitoring WCDMP-No. 72

Lang, D.M. 1967. Soil map of Dominica. 2 sheets

Larsen, M. C., and A. Simon, 1993: A rainfall intensity-duration threshold for landslides in a humid-tropical environment,
Puerto Rico. Geogr. Ann., A75, 13-23.

Lee, S., Choi, J., 2004. Landslide susceptibility mapping using GIS and the weight-of-evidence model. International Journal of
Geographical Information Science, 18(8), 789-814.

Lee, S., Choi, J., Min, K., 2002. Landslide susceptibility analysis and verification using the Bayesian probability model.
Environmental Geology, 43(1-2), 120-131.

Lindsay, J. M., A. L. Smith, M. J. Roobol, and M. V. Stasuik (2005), Dominica, in Volcanic Hazard Atlas of the Lesser Antilles,
edited by J. M. Lindsay et al., pp. 1-48, Seismic Res. Unit, Univ. of the West Indies, St. Augustine, Trinidad and Tobago.

Lockhart, A. L. 1879. Leeward Islands Almanack. Roseau: Official Gazette Office

Lindsay, J., David, J., Shepherd, J., & Ephraim, J. (2002). Volcanic Hazard Assessment for Saint Lucia , Lesser Antilles. St.
Augustine, Trinidad and Tobago

Lumbroso, D.M., S. Boyce, H. Bast and N.Walmsley. 2011. The challenges of developing rainfall intensity — duration —
frequency curves and national flood hazard maps for the Caribbean. The Journal of Flood Risk Management, Volume 4,
Number 1, January 2011, pp. 42-52(11).

Malamud, B. D., Turcotte, D. L., Guzzetti, F., & Reichenbach, P. (2004). Landslide inventories and their statistical properties.
Earth Surface Processes and Landforms, 29(6), 687-711.

Marmagne, J. and Fabregue, V. 2013. Hydraulic assessment for flood risk assessment in Soufriere, Fond St Jacques and
Dennery. Huricane Tomas Emergency Recovery Project, parts 1, 2 and 3. EGISeau, RIV 22852E.

Marques R, Ze"zere J, Trigo R, Gaspar J, Trigo | (2008) Rainfall patterns and critical values associated with landslides in
Povoagao County (Sa~o Miguel Island, Azores): relationships with the North Atlantic Oscillation. Hydrol Process
22(4):478-494. doi:10.1002/hyp.6879

Martelloni G, Segoni S, Fanti R, Catani F (2011) Rainfall thresholds for the forecasting of landslide occurrence at regional
scale. Landslides:1-11. doi:10.1007/s10346-011-0308-2

Martin-Kaye PHA (1960) Preliminary notes on the geological map of Dominica. Unpublished progress reports of the
Government Geologist 1-12. Geological Survey, Windward Islands.

McGuire, W. J. (1996), Volcano instability: A review of contemporary themes, in Volcano Instability on the Earth and Other
Planets, edited by W. J. McGuire, A. P. Jones, and J. Neuberg, Geol. Soc. Spec. Publ., 110, 1-23

Mehigan, P.J. & D.N.D.Hartford I-985. Aspects of slope stability in relation to road design in the Commonwealth of
Dominica. Proc. llth Internat. Conf. Soil Mech. Found. Eng. L:2339-2343

Mott MacDonald. 2013. Landslide Risk Assessment for Saint Lucia’s Primary Road Network. Hurricane Tomas Rehabilitation
and Reconstruction Project. Final Feasibility Report. 295680/MNC/FNG/007 B 18 September 2013.

Mott MacDonald. (2013). Landslide Risk Assessment for Saint Lucia’s Primary Road Network, Hurricane Tomas
Rehabilitation and Reconstruction Final Feasibility Report (p. 258). Castries.

Mulenga, C. (2015) influence of weathering and stress relief on geotechnical properties of roadcut mass and embankment
fill on St. Vincent and St. Lucia. MSc thesis, ITC, University of Twente, Netherlands.

Natural Hazard and Disasters : Landslides (1999).Retrieved July 27, 2014 from
http://www.mona.uwi.edu/uds/Landslides.html

Neuhduser, B., Terhorst, B., 2007. Landslide susceptibility assessment using “weights-of-evidence” applied to a study area
at the Jurassic escarpment (SW-Germany). Geomorphology, 86(1-2), 12-24.

Nichol, J. E., Shaker, A., & Wong, M.-S. (2006). Application of high-resolution stereo satellite images to detailed landslide
hazard assessment. Geomorphology, 76(1-2), 68-75

Office of Disaster Management (http://odm.gov.dm/)

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

OAS (1996) History of Storms on Dominica: HURSTAT. Caribbean disaster Mitigation Project.
http://www.oas.org/cdmp/document/dominica_waves/2_History/History.htm

OAS, T. organisation of A. S. (1986). Saint Lucia Resources and Agricultural developent Project. Retrieved January 23, 2015,
from https://www.oas.org/dsd/publications/Unit/oea36e/begin.htm#Contents

Pennington, C., Dijkstra, T., Lark, M., Dashwood, C., Harrison, A., & Freeborough, K. (2014). Antecedent Precipitation as a
Potential Proxy for Landslide Incidence in South West United Kingdom. In Landslide Science for a Safer Geoenvironment
(pp. 253-259). Springer International Publishing.

Polemio M, Sdao F (1999) The role of rainfall in the landslide hazard: the case of the Avigliano urban area (Southern
Apennines, Italy). Eng Geol 53(3—4):297-309. doi:10.1016/s0013-7952(98)00083-0

Prior, D.B. and C. Ho, 1972. Coastal and mountain slope instability on the islands of St. Lucia and Barbados. Eng. Geol. 6:1-
18.

Quan Luna, B. (2012) Dynamic numerical run - out modelling for quantitative landslide risk assessment. Enschede,
University of Twente Faculty of Geo-Information and Earth Observation (ITC), 2012. ITC Dissertation 206, ISBN: 978-90-
6164-330-2. http://www.itc.nl/library/papers 2012/phd/quan.pdf

Quin, P. (2012) Landslide susceptibility and risk in Saint Lucia.
https://petequinnramblings.wordpress.com/2012/04/02/landslide-susceptibility-and-risk-in-saint-lucia-draft-paper/

92| Page



Razak, K.A., Santangelo, M., van Westen, C.J., Straatsma, M.W. and de Jong, S.M. (2013) Generating an optimal DTM from
airborne laser scanning data for landslide mapping in a tropical forest environment. In: Geomorphology, 190 (2013) pp.
112-125.

Reading, A. J. (1991). Stability of tropical residual soils from Dominica, West Indies. Engineering Geology, 31, 27-44

Rogers, C.T. (1995). Post-tropical storm Debby landslide hazard assessment of St Lucia. Report to the Organization of
American States, February 1995, 34 pp (3 maps)

Rogers, C. T. (1997). Landslide hazard data for watershed management and development planning, St. Lucia, West Indies.
In: Rafi Ahmad (ed) Natural Hazards and Hazard Management in the Greater Caribbean and Latin America. Publication
No 3, University of the West Indies, Mona , Kingston, Jamaica, pp 150-164.

Roobol, M. J. and Smith, A. L., 2004, Geologic Map of Dominica, West Indies: Geology Department, University of Puerto Rico
at Mayaguez. Electronic document, available at
http://www.caribbeanvolcanoes.com/dominica/content/dominicamap.pdf

Rouse, C., 1990. The mechanics of small tropical flowslides in Dominica, West Indies. Eng. Geol., 29:227-239.

Rouse, W.C., A.J. Reading, and R.P.D. Walsh, 1986. Volcanic soil properties in Dominica, tr]est Indies : Eng. Geol . 23: 1- 28..

Saaty. T.L. 1980. The Analytic Hierarchy Process, Planning, Piority Setting, Resource Allocation. McGraw-Hill, New york,
1980.

Saito H, Nakayama D, Matsuyama H (2010) Relationship between the initiation of a shallow landslide and rainfall intensity—
duration thresholds in Japan. Geomorphology 118(1-2):167-175. doi:10.1016/ j.geomorph.2009.12.016

Sawatzky, D.L., Raines, G.L., Bonham-Carter, G.F., Looney, C.G., 2009. Spatial Data Modeller (SDM): ArcMAP 9.3
geoprocessing tools for spatial data modelling using weights of evidence, logistic regression, fuzzy logic and neural
networks.

Sigurdsson H, Carey SN (1991) Caribbean Volcanoes: A Field Guide to Martinique, Dominica and St. Vincent. Geological
Association of Canada, Toronto 1991 Bleld trip guidebooks, pp 1-101.

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.

Smith, RB, Schafer, P, Kirshbaum, D, Regina, E (2009) Orographic Enhancement of Precipitation inside Hurricane Dean. J.
Hydrometeorol., 10, 820-831

Smith, RB, Schafer, P, Kirshbaum, D, Regina, E (2009) Orographic Precipitation in the Tropics: Experiments in Dominica. J
Atmos Sci 66, 1698-1716

SNO. (2013). St. Lucia a “success story” for managing risk of landslides, says World Bank | St. Lucia News Online. Retrieved
February 14, 2015, from http://www.stlucianewsonline.com/st-lucia-a-success-story-for-managing-risk-of-landslides-
says-world-bank/

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

SRU 2000, Seismic Research Unit, University of the West Indies. Volcano Hazard Report for Southern Dominica:
Interpretation of 1998-2000 Earthquakes and Hazard Mapping Results. 49 pages.
http://www.mona.uwi.edu/cardin/virtual_library/docs/1146/1146.pdf

Stark, J., et al. 1966. Soil and Land-Use Surveys N°20, Saint Lucia, The Regional Research Centre, Imperial College of Tropical
Agriculture, University of the West Indies, Trinidad and Tobago, October 1966.

Siizen, M.L., Doyuran, V., 2004. Data driven bivariate landslide susceptibility assessment using geographical information
systems: a method and application to Asarsuyu catchment, Turkey. Engineering Geology, 71(3—4), 303-321.

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

Teeuw, R., Rust, D., Solana, C. and Dewdney, C. 2009. Large Coastal Landslides and Tsunami Hazard in the Caribbean. EOS
Magazine, Eos, Vol. 90, No. 10, 81-82

Thiery, Y., Malet, J.P., Sterlacchini, S., Puissant, A., Maquaire, O., 2007. Landslide susceptibility assessment by bivariate
methods at large scales: Application to a complex mountainous environment. Geomorphology, 92(1-2), 38-59.

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

UNITAR-UNOSAT (2015). Landslide Affected Areas in Southeastern Dominica. Product ID: 2281 — English, Published: 1 Oct,
2015, GLIDE: TC-2015-000119-DMA. http://www.unitar.org/unosat/node/44/2281?utm_source=unosat-
unitar&utm_medium=rss&utm campaign=maps

USAID, 2006. Development of Landslide Hazard Map and Multi-Hazard Assessment for Dominica, West Indies. United States
Agency for International Development (USAID), Caribbean Open Trade Support (COTS) Program. 51 pages.

Van Asch, TW.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 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.

Van Westen, C.J., Soeters, R. and Sijmons, K. (2000) Digital geomorphological 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

93| Page



Wagenseil, Ross and Charles C. Watson. 1996. Wave Hazard Assessment for Selected Sites on the West Coast of Dominica,
West Indies. Washington, D.C.: Caribbean Disaster Mitigation Project, Organisation of American States, Unit of
Sustainable Development and Environment .

Walsh, R.P.D., 1982. A provisional survey of the effects of Hurricanes David and Frederic in 1979 on the terrestrial
environment of Dominica, West Indies. Swansea Geog. 19:28 35.

Walsh, R.P.D., 1985. The influence of climate, lithology, and time drainage density and relief development in the volcanic
terrain of the Windward Islands. In |. Douglas and T. Spencer (eds.), Environmental change and tropical geomorphology,
p. 93-122. London: Allen and Unwin.

Wieczorek GF, Glade T (2005) ,Climatic factors influencing occurrence of debris flows. In: Debris flow Hazards and Related
Phenomena (Jakob M, Hungr O, eds). Springer Berlin Heidelberg, 325-362

Wright, D., Linero-Molina, C. and Rogelis, M.C. 2014. The 24 December 2013 Christmas Eve Storm in Saint Lucia:
Hydrometeorological and Geotechnical Perspectives. Latin America and the Caribbean Regional Disaster Risk
Management and Urban Development Unit (LCSDU), GFDRR World bank. pp110.

WRMU, 2001. Integrating the Management of Watersheds and Coastal Areas in St. Lucia. Executed by the Water Resources
Management Unit, Ministry of Agriculture, Forestry and Fisheries, Government of St. Lucia, July 2001.

Yifru, J. (2015) national scale landslide hazard assessment along the road corridors of Dominica and Saint Lucia. MSc thesis,
ITC, University of Twente. http://www.itc.nl/library/papers 2015/msc/aes/yifru.pdf

Zezere JL, Trigo RM, Trigo IF (2005) Shallow and deep landslides induced by rainfall in the Lisbon region (Portugal):
assessment of relationships with the North Atlantic Oscillation. Nat Hazards Earth Syst Sci 5(3):331-344

94| Page



