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Abstract. This work presents a method for preparing landslide 
susceptibility maps based on an analysis between past movements and 
predisposing factors. The proposed methodology for determining 
susceptibility is an adaptation of the matrix method in the territory of the 
city of Al Hoceima (Northern Morocco). The data needed to evaluate 
vulnerability has based on the landslide inventory and the available 
cartographic documents. These data were prepared and integrated into a 
GIS. This phase of the data preparation has followed by assessment and 
susceptibility mapping. The obtained map was validated and compared 
with an independent landslide dataset than the one used to develop the 
model. The results of the ROC (receiver operating characteristic) curve 
demonstrate the good predictive ability (AUC = 0.94). We can deduce that 
the map correlates well with the existing terrain conditions. The 
successfully validated prediction will enable decision-makers to offer 
handy information for infrastructure construction and urban planning in the 
future or other areas with similar situations. Keywords: Matrix method, 
GIS, landslide susceptibility, Al Hoceima. 

1 Introduction 
The landslide susceptibility map constitutes essential to understand and assess the potential 
risk of landslides for human societies. In the city of Al Hoceima, landslides are an 
increasing threat to the population, infrastructure, and means of transport. Information on 
landslide risk has needed in this city, where data is scarce to mitigate the threat generated 
by this phenomenon. Nowadays, many new approaches to identify and map landslide 
susceptibility in less developed regions are restricted by insufficient data at places where it 
is needed most. Given that our study area shares the same problem of missing data, we 
considered that the matrix assessment approach is applicable to promote the incorporation 
of information on landslide risks in urban planning [1, 2]. This approach allows the 
production of landslide susceptibility maps providing useful information for urban planning 
with a minimum of data. It is used by several authors and in different geological contexts 
[3, 4, 5]. The objective of this work is to carry out a method of mapping and validation of 
landslide susceptibility map in the city of Al Hoceima, based on the matrix method. This 
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method adopts a statistical analysis of the correlation between the predisposition factors and 
the inventory to map and assess the landslide susceptibility. The verification of the 
accuracy of the results is done by the ROC curve by comparing the obtained susceptibility 
map with the inventory map.  

2 Presentation of the study area  
The city is located north of the province of Al Hoceima, with a surface area of 34km2, 
situated between the latitudes 35.16° and 35.28° N and longitudes 3.87° and 4.05° W. It is 
bounded to the north and east by the Mediterranean (the Alboran Sea and Al Hoceima 
Bay), to the south by Oued Isli and the west by the tip of Boussicour (fig.1). It is a 
mountainous region, made up of accentuated reliefs, separated by deep valleys. These 
mountains have been marked by limestone and dolomitic crests. They reach 300 m at jebel 
Malmusi and 406 m at jebel Monte Palomas, and by high cliffs often going 100-140 m at 
the level of the dolomitic plateau "Morro nuevo" and Al Hoceima bay [6].  

Geologically, this area is part of the Bokkoya chain formed by geological layers 
superimposed by anomalous contacts and cut by normal faults [7]. The outcropping 
materials are mainly composed of Devonian and Lias limestones, Triassic Dolomites, Eo-
Oligocene marls, Silurian shales, dune sands [8]. 

The study area has characterized by the Mediterranean, semi-arid climate, marked by 
hot summers and temperate winters. The average annual rainfall is 385 mm [6]. The 
seasonal alternation of the environment associated with the brutality of the rains and the 
decrease in plant cover aggravates the action of said rains on the soil and often promotes 
erosion and landslides.  
 

Fig. 1. Location of Al Hoceima: (a) geographical location of the city in Morocco, (b) zoom on the 
study area. 
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3 Methodology  
The matrix method consists of creating a database integrating the predictive factors and the 
inventoried landslides (fig. 3). This method is based on the map in the city Al Hoceima at 1: 
2000 (2014 edition, Lambert zone 1 projection), which is considered a source of 
morphological factors such as slope exposure, slope and altitude, and drainage density. The 
geological map of Al Hoceima (1:50,000) furnished information on lithology and faults. 
The assessment of the seismic factor has based on the 1:40,000 seismic micro zoning map 
developed by Abdelouahid Talhaoui in 2004 [9]. The land use data has extracted from the 
visual interpretation of Google Earth images (2018 edition). to apply this method, all 
predictive factors are transformed into raster format with cell size equal to 5m and 
reclassified for use in the GIS environment. Afterward, a correlation analysis between the 
factors is determined, and then all combinations between the classes of these factors are 
identified using Arcgis software. The next step in developing the landslide susceptibility 
model is to determine the areas affected by landslides in each combination of the predictive 
factor classes (Fig. 2), which is called the landslide matrix. In the last step, the percentages 
of the landslide-affected area in each combination of predictors are calculated [10, 11]. 
Thus, the validity of this approach has demonstrated to establish a landslide susceptibility 
map that predicts the location of new landslides. The ROC curve has been using to validate 
the map obtained using a dataset of recent landslides independent of the data collected to 
develop the model [12, 13]. 
 

Fig. 2. Diagram illustrating the assessment of landslide susceptibility by the matrix method. In this 
figure, the predictive factors used are lithology, slope, and other factors. A, B, C, D, M, N, etc., 
represent the classes of these factors. Mesh represents all combinations of the classes of factors; 
(A)The number inside the mesh shows the area affected by landslides in each combination; (B) The 
number inside the mesh shows the total area in each combination; (C)  the percentage of landslides in 
each combination. (D) the results have been classifying into different susceptibility levels.  
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Fig. 3.  Maps of the predictive factors: (a) lithology, (b) distance to faults, (c) seismic micro zoning, 
(d) slopes, (e) Aspect, (f) elevation, (g) drainage density, (h) land use, (i) distance to roads. (j) 
landslide inventory. 

4 Results  

4.1 Landslide inventory 

A total of 151 new landslides have been identifying during fieldwork based on geological 
and geomorphological criteria. Only 45 landslides occurring during 2004-2016, detected 
from the interpretation of Google Earth images, were reserved for the validation phase (Fig. 
3).  

4.2 Analysis of factors contributing to instability 

Factor analysis was done by cross-correlating the predictors and landslides using SPSS 
software, in which the correlation coefficients have been calculating. Table 1 presents an 
estimate of the linear correlation coefficient derived from the contingency coefficient. 
Factors have a significant effect on landslide occurrence where the values of the linear 
correlation coefficient were higher than 0.4 [10, 11]. The results show that landslides have 
conditioned by lithology, slope, and drainage density. Furthermore, the column 
"Approximate significance" indicates that the statistical significance value is less than 
0.0005 (p < 0.0005). Therefore, the association between landslides and the predictive 
factors is statistically significant.  

4.3 Landslide susceptibility modeling 

The modeling has carried out according to the matrix method in an ArcGIS environment. 
This involved zoning the study area depending on whether the combination of factors that 
result in each pixel was more or less likely to generate movements. The resulting map is an 
example of a landslide susceptibility map with four hazard levels (very low, low, moderate, 
high, very high) determined by the classification of natural breaks (Fig.4). The low 
susceptibility levels represent 96.15% of the studied area. If moderate susceptibility has 
included, this percentage rises to over 98.06%. The areas of high and very high 
susceptibility represent, respectively, 1.06% and 0.88%. The comparison between the 
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susceptibility map and the inventoried landslides shows that 66.33 % of the landslides have 
localized in a very high hazard zone, 23.77 % have placed in a high hazard zone, 9.73 % 
have situated in a medium hazard zone and, 0.17 % have found in a low or no hazard zone 
(Table 2). These values indicate that the map obtained limits the zones of maximum 
susceptibility to the only relatively small zone where the combination of factors favoring 
this phenomenon exists. 

Table 1. Estimated correlation coefficients are resulting from the analysis of the predictive factors 

Predictive factors Contingency 
coefficient 

Significance 
approx 

Linear correlation 
coefficient 

Lithology 0.165 0.000 0.483 

Distance to faults 
(m) 0.031 0.000 0.209 

Slope (°) 0.072 0.000 0.419 

Aspect 0.061 0.000 0.294 

Elevation (m)  0.091 0.000 0.359 

Drainage density 
(Km/Km2) 0.178 0.000 0.490 

Seismic 
microzoning 

(période) 
0.024 0.000 0.184 

land use 0.045 0.000 0.252 

Distance to roads 
(m) 0.018 0.000 0.160 

  

Fig. 4. Landslide susceptibility map 
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Table 2. Characteristics of landslide susceptibility classes 

Susceptibility 
class 

Susceptibility 
index (%) 

Class 
area (%) 

Surfaces of 
inventoried 
landslides 

(%) 

None/Low 0 - 10 96.15 0.17 

Moderate  10 - 36 1.91 9.73 

High 36 - 67 1.06 23.77 

Very High 67 - 100 0.88 66.33 

4.4 Validation of results  

Once the susceptibility map has been producing, a validation evaluation of the results must 
be carrying out. There are several ways to carry out this step: using the landslide inventory 
dataset to perform both cartography and validation or using an independent dataset of 
inventoried landslides that are not integrating into the susceptibility analysis. The latter 
approach has been applying in this work by comparing the locations of 45 recent landslides 
occurring in 2004-2016 with the susceptibility map [6]. The area under the ROC curve is a 
valuable indicator to validate the prediction performance of the model [12, 13]. In this 
study, it can be seen that the AUC value reaches 0.94, which indicates that the model has an 
excellent predictive capability (fig. 5). 
 

Fig. 5. ROC curve of the susceptibility map  
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5 Discussion and conclusion 
The matrix assessment has been implementing using the predictive factors to establish the 
landslide susceptibility map for Al Hoceima. It has founded that landslides were more 
sensitive to three factors: lithology, slope, and drainage density. Thus, identifying areas 
with different susceptibility to landslides has based on factors impacting the physical 
activity by which landslides occur. The increasing incidence of landslides with high and 
very high susceptibility categories indicates that the map produced using this methodology 
accurately identifies areas of different susceptibility. The statistical test confirms that the 
results are not due to pure chance, but to determining factors responsible for the occurrence 
of landslides. Thus, the validity of the matrix evaluation method is confirmed to produce a 
susceptibility map that predicts the location of new landslides. 

The map obtained provides a quantitative representation of the spatial probability of 
landslides occurrence, which is suitable for urban planning in the city of Al Hoceima and 
especially in the phase of realization of major public works and the step of execution when 
adopting appropriate preventive measures. 
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