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Abstract 

The city of Freetown in Sierra Leone (Africa) is located on a coastal peninsula characterized by the regular 

occurrence of floods and landslides that have directly affected the population. The most relevant event corresponds 

to a landslide and a mudflow (as a cascade effect of the landslide) during a heavy rainy day that occurred in the 

Regent neighborhood. This disaster occurred in August of 2017 and resulted in the death of 1141 people mainly due 

to the mudflow. 

Considering the high impact of disasters in the urban and rural areas of Freetown and the increase in the degree of 

exposure generated by urban growth, it is necessary to implement susceptibility studies as the first approach to risk 

management. For the evaluation of susceptibility in the area of interest (Freetown peninsula), the Regent landslide 

of 2017 was taken as a reference, seeking to determine the conditioning and detonating factors that favor the 

occurrence of landslides in the entire area. This extrapolation of factors is possible since the evaluation is local, and 

there are no substantial differences at geological, geomorphological, structural and climatic levels. 

This study applies two methods for landslide susceptibility assessment: i) Landslide Statistical Index (LSI) and ii) 

Analytical Hierarchy Process (AHP). LSI strongly depends on the quality and completeness of landslide catalogs. 

AHP does not depend directly on landslide catalogs but is mainly based on the degree of experience of the evaluator 

with respect to the behavior of the phenomena in the evaluated area. The work with AHP involved the participation 

of different professionals with different degrees of knowledge of the study area. The quality in the allocation of 

weights was evaluated according to the Consistency Ratio (CR). The results reflect the rich variety of opinions 

regarding the conceptualization of landslide phenomena. Additionally, they help to identify future challenges related 

to the conceptualization of the hazard itself, given that the limit between what is considered as conditioning and 

triggering factors does not correspond to a consensus. 
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1 INTRODUCTION  

The city of Freetown in Sierra Leone (Africa) is 
located on a coastal peninsula characterized by the 
regular occurrence of floods and landslides. This 
study aims to determine the landslide susceptibility 
in the peninsular area including both rural and 
urban areas. The produced information can serve 
decision-makers to direct the administrative and 
physical actions, in order to reduce the risk of the 
exposed communities. 

Specifically, this study has the following 
objectives: analyze the landslide triggering factors, 
update the catalog of landslides developed by the 
British Geological Survey (BGS), generate 
susceptibility maps associated with the two 
evaluated methodologies (Landslide Statistical 
Index (LSI) and Analytical Hierarchy Process 
(AHP)), compare the results with the evidence of 
processes in the updated landslide catalog and 
define critical sectors (areas prone to generating 
new landslides) where future efforts should be 
focused. Given that in Sierra Leone, a developing 
country, there is a lack of basic data and 
information, the philosophy of this study is the 
development of a useful product for the affected 
community using accessible information and 
preferably from free sources.   

1.1 STUDY AREA 

Freetown, the capital of Sierra Leone, is the 
largest city and the main urban center, with 14% of 
the country´s population generating almost 19% of 
the national economy. The western urban area had 
a population of 1 million inhabitants in the 2015 
census (Statistics Sierra Leone, 2015). The location 
and geography are big challenges for the 
development of the city of Freetown. This is 
because the urban area is located on a thin and 
elongated strip between the Atlantic Ocean and the 
mountainous area, in a country with the highest 
annual rainfall in Africa. These factors raise the 
city’s exposure and vulnerability to natural hazards 
(World Bank, 2017). Freetown is located on a 
peninsula with SSE-NNW orientation and a 
maximum height of 900 m a.s.l. This peninsula is 
mostly made up of the Freetown Complex (layered 
basic igneous intrusion), with less representation of 
alluvial, marine and estuarine materials on the coast 
(Usamah, 2017). From the point of view of the 
hazard, the city of Freetown is mainly subject to 
regular floods and landslides.  

The existing catalog of landslides (BGS, 2017) 
has a count of at least 153 events of different 

magnitude. Of these, the most important events 
recorded are the landslide of Charlotte (1945) and 
the landslide and mudflow of Regent (2017) 
(Figure 1). The latter is characterized by having a 
high impact on the population, leading to the death 
of 1141 people and numerous damages to 
properties. It was a combined phenomenon, which 
was locally expressed as a landslide, but then, given 
the amount of water present, it became a mudflow 
that had the main impact.  

 

Figure 1. Landslide catalog (2017) provided by the BGS. 

The local climate of the city presents a clear 
differentiation between maximum periods of rain 
between July and September, moderate periods of 
rain between October and December and between 
April and June and dry periods between December 
and March. Correlatively, maximum temperatures 
occur in the dry periods (World Weather Online, 
2018). 

2 MATERIALS  

Considering that in general the availability of 
information in developing countries is scarce, this 
study seeks to achieve the best assessment of 
susceptibility to landslides from free access 
information or available data managed through 
public and private entities. This work focuses on 
the evaluation through the analysis of data, 
compilation of the views of the professionals 
involved in the survey and prospecting using 
remote sensing.    

2.1 Base information 

As mentioned above, mainly free access 
information was used. For the case of the landslide 
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catalog, the BGS provided the updated database up 
to the year 2018. Also, general geology and the 
distribution of the soils were provided by the BGS. 
This information was complemented with 
cartography based on Sentinel-2 and Landsat 8 
imagery, reaching a greater detail in the 
information. The main source of rainfall 
information is the Climate Hazards Infrared 
Precipitation with Stations (CHIRPS) dataset.     

3 METHODOLOGY  

Given that the main objective of this study is to 
reach an assessment of the susceptibility to 
landslides based on freely available information, a 
large part of the initial efforts corresponded to the 
collection and analysis of suitable data. However, 
to guarantee the relevance of the information, the 
conditioning factors must separate from the 
triggering factors through an analysis using a 
cause-effect model. This model was applied locally 
to the landslide of Regent. The factors obtained can 
be used in the rest of the area, since there are no 
significant differences in geology, geomorphology 
or climate. Once the information had been 
compiled, the internal weighting was done through 
the application of the LSI or AHP methods. Finally, 
an algebra of maps was applied considering the 
weights assigned in the previous processes. 

The final product was a landslide susceptibility 
map that resulted from the comparison between the 
application of LSI and AHP. The detailed 
methodology is presented in Figure 2. 

 

Figure 2. Methodology for susceptibility assessment.  

3.1 Landslide Susceptibility Index (LSI)  

This method has been widely used (Yin and Yan, 
1988; van Westen, 1993, 1997). It corresponds to a 
bivariate analysis based on a statistical correlation 
of a landslide catalog with the different parameter 
maps. Weighting values of each parameter sub-
class are fundamentally based on cross-tabulation 
data defining the spatial correlation between the 
landslide inventory map (landslide body and 
landslide detachment zone are considered in the 
analysis) and causative factors maps (Jaupaj et al., 
2014). This method is based upon eq. (1) of van 
Westen (1993). Wij = ln (AijAls * BBij)       (1) 

Where: Wij - the weight given to a certain class 
i of parameter j; Aij - area of landslides in a certain 
class i of parameter j; Als - total area of landslides 
in the entire map; B - total area of the entire map; 
Bij - area of a certain class i of parameter j. Finally, 
the LSI is given by the Eq. (2)  LSI =  ∑ WnJ=i ij                           (2) 

Where: LSI: Landslide Susceptibility Index, Wij 
- weight of class i in parameter j, n - number of 
parameters.  

3.2 Analytical Hierarchy Process (AHP) 

The allocation of weights between layers is 
carried out through an Analytical Hierarchy 
Process (Saaty, 1980), which uses a hierarchical 
structure of criteria by pairs of factors to establish 
their relative weights. The method is constructed 
from a square matrix in which the number of rows 
and columns depends on the factors involved in the 
phenomenon. Each element of the matrix is 
assigned a value that represents the relative 
importance of the factor of its row with respect to 
that of its column in terms of relative importance 
for the occurrence of the landslide phenomenon.  

The main eigenvector of the matrix, which 
represents the order of priority of the factors, 
determines the weights of these factors, while from 
the maximum eigenvalue a quantitative measure of 
the consistency of the values is assigned in the 
comparison between pairs (consistency ratio (CR)). 
CR values less than 0.1 indicate that the assigned 
values are satisfactory. In the case that the CR is 
equal to or greater than 0.1, it must be re-evaluated 
(Figure 3).  
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Figure 3. Example of an Analytical Hierarchy Process applied 
to landslides in a tropical context (Valdivia-Colombia; 
Restrepo and Cecenque, 2016). 

AHP can be applied when there is a deep 
knowledge of the study area and the mechanisms 
that control the occurrence of landslides. In this 
sense, this process is not recommended in analyzes 
based exclusively on remote sensors. 

Based on the above and seeking to identify the 
different currents of thought regarding the 
conceptualization of the phenomenon, a survey was 
designed specifically for geo-scientific 
professionals with knowledge in the evaluation of 
natural risks. The survey involved professionals 
who were directly related to the study of the 
disaster in Regent and other professionals who did 
not know the area. 

  The survey gathered information regarding the 
profile of the professionals involved and their 
opinion on the method. Attached to the survey was 
an explanatory document of the AHP and another 
one that contextualized the study area from the 
physiographic, geomorphological, geological, 
morphodynamic and climatic point of view. 

The main questions were divided into two parts 
(Figure 4). The first part related to the factors that 
influence the occurrence of a landslide, according 
to the experience of the professional and the degree 
of knowledge/lack of knowledge of the study area. 
The second part asked the evaluator to construct the 
weighting matrix for the factors considered 
relevant. 

 

Figure 4. AHP survey, and a section of the weighting matrix. 

Finally, the weight allocation performed by each 
professional was evaluated using the criteria of the 
consistency radius (CR <0.1 indicate that the 
assigned values are satisfactory). Results based on 
the two methods applied - AHP and LSI were 
contrasted with the landslide catalog.  

4 RESULTS 

The results of this study are presented below, 
based on the two methodologies used.  

4.1 Analytical Hierarchy Process  

Five professionals in the geosciences, 
specifically in the natural risk domain, were asked 
to propose factors that conditioned the landslide in 
Regent, among which geology, slope, faults and 
others as well as triggering factors such as rainfall 
were highlighted from their answers. 

The distribution of answers (Figure 5) shows the 
range of the different points of view of the same 
problem, however, there is a strong consensus that 
slope, geology, the relationship of structures with 
the orientation of the slopes, type of soil and 
thickness are the most relevant factors. On the other 
hand, rainfall (average annual rain and extreme 
events) and the elevation of the water table 
(groundwater) were considered only by one 
professional.  

This may be reflecting the different opinions of 
the concept of susceptibility (more related to the 
conditioning factors) and hazard (more related to 
triggering factors).  
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Figure 5. Factors considered by the group of professionals. 
The numbers show the total of professionals that chose that 
specific factor.  

From the results of the survey, it is noteworthy 
that the variability of criteria among professionals 
is high and that different opinions concerning the 
ponderations assigned are present (Figure 6). There 
is a tendency among the professionals to consider 
mainly the layers: slope, geology, faults influence, 
type and thickness of the soils (all considered as 
conditioning factors). On the other hand, land use, 
anthropogenic influence and rainfall (all triggering 
factors) are less representative.  

The above raises a fundamental discussion given 
that there is no consensus as to whether the concept 
of susceptibility should consider both conditioning 
(intrinsic factors to the ground) and triggering 
factors (those extreme changes that can lead to the 
occurrence of a landslide).  

Figure 7 shows the susceptibility maps resulting 
from each professional´s ponderation. The 
following differences were observed: 

i) The maps based on the ponderation by 
professionals’ number 1, number 2 and number 4 
focus the areas of high susceptibility in the 
northwest and north part of the peninsula. It is 
worth noting that these professionals have assigned 
a high relevance to rains and anthropic intervention 
factors.  

ii) Professionals number 3 and number 5 who did 
not consider rain or anthropic intervention factors 
as of high relevance have focused in the areas of 
high susceptibility in the upper part of the hills of 
the peninsula. The latter is explained by the fact 
that high relevance was assigned to the slope, 
presence of faults, type and thickness of soil.  

     

  

Figure 6. Assignment of relevance (%) of the different 
conditioning and triggering factors, considered by the 
evaluators and calculation of the CR from the weighting 
matrix. 

 

Figure 7. Landslide susceptibility maps.  

 To allow a comparison between the results of 
both methods, the same factors proposed by 
professional number 3 in AHP were used for LSI 
since the consistency ratio (CR=0.05) resulting 
from the proposed weighting matrix (Figure 8) is 
acceptable and corresponds to the professional with 
greater knowledge of the area. Figure 9 presents the 
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susceptibility map of landslides resulting from the 
AHP methodology.  

  

Figure 8. Assignment of the relevance of the different 
conditioning and triggering factors, considered by the 
evaluators.  

 

Figure 9. Landslide susceptibility map based on AHP. 
Professional number 3 CR=0.05. 

4.2 Landslide Susceptibility Index  

LSI is based on a relationship between: i) the 
total area of recent and old landslides that have 
been included in the catalog, ii) the total area 
studied, and iii) the areas of landslides within each 
range of the category studied (for example, slope 
range), see Figure 10. 

 

Figure 10. LSI illustrative example. Ponderation for slope 
range U3 (unit 3) depends on landslide areas in each slope 
range (LAU1, LAU2 and LAU3), the total area (U1+U2+U3) 
and the total area with U3 slope range in the map.   

Six layers of geoinformation: i) slope, ii) 
geology, iii) structural orientation (layers and 
discontinuities), iv) proximity to faults, v) soil type 
(based on the BGS database) and vi) soil thickness 
(estimation based on geomorphology) were 
considered for calculating the LSI. These layers 
were chosen to enable direct comparison with the 
AHP result.  

Ponderations of layers were defined from LSI. 
The internal weighting interpretation form is 
adequately exemplified in Figure 11, where the 
lower values of Wij (-1.47) are associated with flat 
reliefs with slopes <5°, as opposed to the highest 
values (2.06) which occur on slopes greater than 
55°, which are generally more associated with 
landslides.  

 

Figure 11. LSI results applied to slope geoinformation layer. 

A map algebra was created after the assignment 
of layers ponderations using LSI; results are 
presented in Figure 12. 
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Figure 12. Landslide susceptibility map based on LSI.  

5 DISCUSSION 

For AHP, configurations of the areas susceptible 
to landslides are:  

Homogenous areas of higher susceptibility are in 
the NW part of the Freetown Peninsula. These 
results (areas with high susceptibility assignation) 
are based on the assessment by professionals 1 
(CR=0.07) and 2 (CR=0.10). One possible cause of 
this concentration of high susceptibility areas is the 
inclusion of the rainfall factor in the analysis. There 
is a strong concentration of rainfall in these areas. 
Areas with higher susceptibility are also located 
between the coast and the upper part of the slopes 
along the foothill of the whole area of the 
peninsula. This results from the ponderation 
provided by professionals 4 (CR=0.03) and 5 
(CR=0.08) and could be related to the 
overvaluation of the influence of land use and soil 
thickness. 

Areas with high susceptibility scattered along the 
peninsula are mainly located in the upper part of the 
slopes. This is reflected in the map generated from 
the assessment of professional 3 (CR=0.05). This 
map best fits the way landslides are distributed 
according to the catalog.  

It is important to note that all results based on 
professionals’ ponderations adequately identified 
the landslide area of the Regent event as a highly 
susceptible area. 

The map that best fits the real conditions of the 
land is the one proposed by professional 3. This 
map locates the areas with the highest susceptibility 

distributed in the upper part of the slopes. It is 
noteworthy that this ponderation has one of the 
lowest consistency ratios (CR=0.05). This 
professional used six conditioning factors: slope, 
geology, structures, faults, soil type and soil 
thickness. Of these factors, the slope and the 
structures (both with 34% of weight in the analysis) 
were the most relevant. 

Regarding the comparison between the results of 
the AHP and LSI methods, it is important to 
highlight that the LSI method tends to overestimate 
areas with moderate to high susceptibility and to 
underestimate areas with low to very low 
susceptibility (Figure 13).  

 

Figure 13. Comparison of areas susceptible to landslides, 
depending on the LSI and AHP methods.  

The LSI method results in more homogeneous 
and larger areas of susceptibility. In opposition, the 
AHP method has areas of high susceptibility that 
are more dispersed and smaller in size. The method 
that best fits the existing catalog is the LSI, 
however, the results of the AHP method show a 
distribution style more similar to how the 
landslides in the catalog are distributed (Figure 14).  

 

Figure 14. Comparison in the distribution style of the zones 
with high and very high susceptibility in both methods. 
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Values in (km2) show the match between the landslide catalog 
(2010) and the high and very high susceptibility areas for each 
method.    

6 CONCLUSION  

One of the limitations/advantages of the AHP is 
related to the internal weighting of the factors. The 
weighting assignment depends on the 
understanding of the problem, the experience and 
the criteria of each professional.  

Due to a certain degree of subjectivity inherent 
to the method, it is particularly suitable for specific 
studies with extensive knowledge of the study areas 
that include: surface geology information, analysis 
of faults and joints, stratifications and folds, local 
exploration through drilling, test pits, geophysics, 
laboratory tests, temporary analysis of landslide 
catalogs and hydrogeological analysis.  

By applying the survey for the ponderation of 
factors, it was possible to determine the multiple 
visions and ways of understanding the landslide 
phenomenon. Some results are not well adjusted to 
the behavior of the slopes, especially those that 
locate areas of high susceptibility to the coastal 
littoral zone. This is opposed to the historical 
behavior of the slopes represented in the catalog of 
events. In this catalog, landslides are located 
preferentially in the upper part of the slopes as 
isolated events, with small areas. 

Both methods are applicable in the evaluation of 
susceptibility, however, it must be considered that 
the results are closely linked to the quality of the 
landslide catalog (in the case of the LSI) or the 
experience of the evaluator (AHP).  

According to the results, the hillsides of the city 
of Freetown are highly susceptible to develop 
landslides. Considering that this study is of an 
academic nature, it is advisable to carry out 
evaluations in more detail, including on-site 
inspections, in such a way that the results of this 
study can be verified or refuted. 
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