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ABSTRACT

This study maps landslide susceptibility in the Chefchaouen region of northwestern Morocco using
remote sensing and Geographic Information Systems (GIS) with a weighted overlay analysis approach.
Key environmental factors considered include slope, aspect, elevation, vegetation cover, and soil
characteristics. The results show a Kappa coefficient of 0.72, indicating substantial agreement between
observed and expected accuracies. The user's and producer's accuracy for low susceptibility areas is
75%, for medium susceptibility areas is 85%, and for high susceptibility areas is 80%. These findings
indicate a good match between the model's predictions and actual field conditions. Validation of the
Landslide Susceptibility Zoning (LSZ) map revealed that most high-risk areas are located on steep
slopes in the northern and western regions of Chefchaouen. Nine major landslide-prone zones were
identified, providing crucial information for stakeholders to formulate effective mitigation measures.
Despite several limitations, such as the temporal scope of data and the resolution of satellite imagery,
this research offers significant insights into landslide risk management in the Chefchaouen region.
Future perspectives include integrating long-term climate change scenarios and improving
methodology to better capture local geological complexity. This study emphasizes the importance of
sustainable land and vegetation management practices to reduce landslide risks.

Key-words: Landslide Susceptibility Assessment, Remote Sensing Analysis, LULC, Chefchaouen,
Weighted Overlay Analysis.

1. INTRODUCTION

Landslides, considered ordinary natural disasters, pose a threat to human life. Various factors,
such as slope, altitude, precipitation, and more, can influence landslide incidence (Marin-Rodriguez
et al. 2024). In our study region, satellite imagery is employed to recognize and assess the impact of
these elements on landslide occurrences (Ali et al., 2023; Arumugam et al., 2023). The Rif mountains
are located in the north-western part of Morocco. Chefchaouen considered a captivating geographical
landscape marked by intricate topographical features (Fig. 1) and a variety of climatic conditions
(Cheddadi et al. 2015; Muller et al. 2015).

Chefchaouen's susceptibility to various geomorphological processes, especially landslides,
underscores the necessity of unraveling intricate interactions shaped by human activities (Bukhari et
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al. 2023; Obda et al. 2024). Urbanization, agriculture, and deforestation affect land use, vegetation,
and slope stability.

Geospatial data and GIS techniques were used to map and assess landslide susceptibility in
Chefchaouen. (Laaribya et al. 2021; Arumugam et al. 2023). These technologies serve as
indispensable tools, providing a comprehensive view of the spatial allocation and intensity of
landslides.

The selection of Chefchaouen as the focal point of this study was grounded in its susceptibility
to natural disasters, particularly landslides. Factors such as local slope, orientation, curvature,
lithology, geology, and drainage characteristics accentuate the heightened risk of landslides in this
region (Chebli et al. 2021; Ali et al. 2023). Moreover, Chefchaouen's complex topography and
climatic variability present a distinctive challenging terrain, necessitating comprehensive research on
landslides (EI Amiri et al. 2024; Ghallab et al. 2024).

As natural disasters, including landslides, continue to pose imminent threats to lives, economic
assets, and environmental sustainability (Sharma et al. 2024; Tayebi et al. 2024), this study aims to
contribute invaluable insights into effective disaster preparedness, mitigation, and sustainable land
management in Chefchaouen.

This research aims to investigate the relationship between physiographic characteristics and
landslide vulnerability in Chefchaouen using advanced remote sensing and GIS technologies. The
dual objectives are to create a detailed landslide susceptibility map and assess how integrating remote
sensing and GIS parameters can refine vulnerability cartography. The results will help identify high-
risk areas and develop targeted conservation and restoration strategies.
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Fig. 1. Provides a visual representation of the study area, highlighting its geographical features
and spatial extent.
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2. STUDY AREA

Unsupervised classification using the ISODATA algorithm identified LULC categories like
settlements, forests, agriculture, and water bodies in 2022. The results will be validated through field
visits (Fig. 2). Thus, we have measured flows of different nature. Table 1 shows an example of
indicators of material and energy flows of urban environment for subsystem of city economy, which
includes 16 indicators.

Satellite
imagery

Landsat 8 Mosaic LULC
classification

Fig. 2. Visually represents the unsupervised classification process, outlining the steps involved in identifying
changes in LULC patterns as proposed by Lu et al. (2019) and Verma and Jana (2019).

3. COLLECTION AND ANALYSIS OF DATA

3.1. Lithology

Chefchaouen, situated in the Rif Mountains of Morocco, has a geological landscape primarily
composed of sedimentary rocks and flysch formations. The combination of this geological makeup,
rugged terrain, rock weathering, clay layers, tectonic activity, and heavy rainfall contribute to the
region's susceptibility to landslides. These factors lead to slope instability, posing significant risks to
infrastructure and the local population (Chalouan et al. 2008; Morino, Coratza & Soldati 2022) (Fig.
3a).

3.2. Precipitation

The northern and western parts of Chefchaouen have altitudes of over 825 meters and are
considered the areas most affected by landslides. Rainfall in the Chefchaouen region generally
increases from south to north (Fig. 3b). This rainfall distribution makes the northern and slightly
western parts of the region more prone to landslides. The rainy season extends from November to
March, when it rains the most is most intense. Heavy rainfall during this period increases water
pressure on the ground, weakening the slope and increasing the danger of landslides. As a result,
regions with a higher risk are more prone to landslides. Rainfall data show that the Chefchaouen
region in northern Morocco receives its heaviest rainfall in December January, February, and March.
This period corresponds to the main rainy season within a specified locality (EI Kharim et al., 2021a;
Salhi et al., 2019).

3.3. Lineament density

The geologically complex Chefchaouen region is characterized by a dense network of linear
features known as lineaments, which play a significant role in influencing landslides (Ramli et al.
2010a; Obda et al. 2024). These features create weaknesses in the rock formation, enhance water
infiltration and erosion, and can potentially act as slip planes. Moreover, lineaments serve as pathways
for groundwater flow, which contributes to soil saturation (Wu et al. 2021). Therefore, it is essential
to map and analyze these features to effectively assess risk areas and guide geological hazard
management in Chefchaouen's mountainous terrain (EI Kharim et al., 2021c; Ramli et al., 2010b;
Sadiq et al., 2022b) (Fig. 3c).

3.4. Land Use and Land Cover (LULC)

Landslides are generally influenced by land use and land cover (LULC) (Dahmani et al., 2024;
Laaribya et al., 2024). the map depicting LULC in the study area, shown in figure 3d, classifies the
whole area into seven distinct categories using unsupervised classification. These are urban areas
(12%), dense forests (19%), plantations (14%), agriculture (21%), mixed residential and agricultural
areas (11%), other (17%), and water bodies (7%) (Fig. 4).
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Fig. 3. a) Lithology Map of Chefchaouen, Morocco (Mastere, Van Vliet-Lanoé & Brahim 2013; Obda et al.
2024) (Modified and Simplified); b) illustrates the rainfall map of the Chefchaouen study area, depicting the
spatial distribution of precipitation and its potential impact on landslide susceptibility; c) dense network of

linear features; d) LULC.
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Fig. 4. Exploring the graph showing the percentage of land use and occupation by zone in the Chefchaouen
study area, providing insights into spatial variations in human-environment interactions.
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3.5. Elevation

Large-scale landslides are crucial factors influencing landslides (El Jazouli, Barakat & Khellouk
2019; Wu et al. 2023). An elevation model with a precision of 30 m was created using ArcGIS
technology. Figure 1 a depicts the geographical setting of the research region on the elevation map is
created using DEM (digital terrain model) and exists classified into four types: 0-473 m, 474-824 m,
825-1224 m, and 1225-2149 m. The altitude of Chefchaouen and its rainfall distribution highlight the
vulnerability of the northern and western regions, emphasizing the interplay between high rainfall,
altitude, and landslide risk. The distribution of altitudes in the Chefchaouen region is shown in figure
5-al.

3.6. Slope

The incline, which represents the steepness of a surface, is generally acknowledged that more
inclined slopes are prone to landslides because of gravitational factors. (Maleika 2020; Zhao, Liu &
Xu 2021). In this study, slope data were extensively utilized to create a landslide vulnerability map.
The incline map, generated from Digital Terrain Model (DTM) data, is divided into four categories:
0-14, 15-34, 35-54, and 55-75 degrees (Fig. 5b). As the slope increases, the peak stress at the base of
the slope inclines, steeper slopes become more likely to experience distortion and collapse According
to the classification, the study area, particularly the northern regions, features steep slopes ranging
from 54 to 74 degrees. Notably, the city of Chefchaouen and the northern and northeast regions exhibit
slopes steeper than 35° (ElI Kharim et al., 2021a; Jin et al., 2022). Landslides within the study region
are concentrated on slopes in mountainous areas exceeding 10°, with the 0 to 14° slope areas
experiencing no landslide events (Dahmani et al., 2024), map and graphical data in the figure 5-b1.

3.7. Aspect

The terrain slope is generally measured in degrees and varies from 0 to 360 degrees. This is an
important variable in landslide research, because it influences solar radiation, wind, precipitation, and
instability conditions (Aufli¢ et al. 2023). According to Somnath and colleagues (2019), the ground
experiences varying amounts of solar radiation depending on its slope, which affects vegetation cover,
surface evaporation and the landslides that occur

In figure 5c, an aspect maps the segmentation derived from the DEM data for the region under
analysis.is illustrated, categorized into segments oriented towards the northeast, southeast, southwest,
and northwest directions. This division is attributed to the influence of solar radiation, landslides occur
more frequently in the west, northwest, and southwest than in the east, according to the data from the
aspect map and figure 5-c1, North-East (N-E): 25%, East-South (E-S): 23%, Southwest (S-W): 26%,
West-North (W-N): 25%.

Table 1.
Slope classes and their percentage distribution in the study area.
Slope (degree) Percentage Where
distribution
0-14 38% predominantly in the south and west.
15-34 55% mainly in the southwest, west, and east
35-54 6% primarily in the north, northeast, and southeast.
55 _ 75 1% mainly in the north near the city of
Chefchaouen
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3.8. Hillshade

Chefchaouen shadow map provides information about solar radiation on different mountain
slopes, the intensity of shadows and changes in solar radiation in the region. It can also be used to
assess the effects of shading on phenomena such as sunlight availability, soil temperature, and plant
growth. (Fig. 5). A more detailed analysis of the shade map of the Chefchaouen Mountains requires,
in addition to the map itself, information on the method of map creation, the shade parameters, and
the specific objective of the study (Fig. 5d) (Qi et al. 2021). Figure 5-d1 are shown the distribution
in percentage of each class.

3.9. Curvature

The orientation of slopes concerning topographic slopes is typically measured in north latitude
and ranges from 0 degrees to 360 degrees. This factor is pivotal in landslide occurrence research as it
influences slope radiation, wind direction, precipitation, and failure conditions (Pacheco Quevedo et
al. 2023) impact of solar radiation on the ground varies with slope, affecting vegetation density, soil
erosion the process of evaporation, leading to landslides. Solar slopes retain less water due to the
process of evaporation by solar radiation, as explored by various researchers (Arumugam et al. 2023).
Consequently, plants located on sunlit slopes, including grasses, survive drought and radiation better.
For the specific case of Chefchaouen province in northern Morocco, this study shows that the slope
orientation map obtained from DEM data comprises segments northeast, southeast, southwest, and
northeast. to the west (Fig. 5e) (Liu et al. 2021).

Under the influence of solar radiation, landslides occur more often in the west, northwest, and
southwest directions than in the probable directions, and a smaller curvature indicates an effect (Jerez
et al. 2021; Jin et al. 2022). Analysis of the curvature map reveals significant variations that could
influence landslide susceptibility. Figure 5e and figure 5-e1 show the distribution of curvature in the
study area.

4. METHODS

4.1. Inverse Distance Weighting Approach (IDW)

The IDW method performs spatial interpolation by assigning values to points based on their
distance, with closer points having greater influence than distant ones. (Li et al. 2020; Maleika 2020).
IDW can effectively manage evenly distributed points with a more uniform weight distribution among
neighboring points because of its lower power requirement (Arumugam et al., 2023; Kinattinkara, et
al., 2020). We collected DGM precipitation data from 1992 to 2022 and interpolated them using the
IDW method. A precipitation map was created to display the average precipitation.

4.2. Analyzing with Weighted Overlay Analysis (WOA)

The statistical technique known as Weighted Overlay Analysis (WOA\) is frequently employed
to allocate weights derived from the interaction incorporating causal factors of landslides considering
the occurrence frequency of landslides. This method follows an overlay principle where values are
assigned according to the overlay, and this process can be easily expanded to include additional
criteria. Each stratum illustrated on the thematic map receives a numerical value based on its
significance across all corresponding layers. Subsequently, these weighted layers are overlaid,
resulting in the creation of a comprehensive map. Landslide Hazard Zoning Map (LHZ) is produced
by overlaying thematic maps using the weighted overlay method. Figure 6 depicts the comprehensive
steps of the preparation procedure.

This method, known as Weighted Overlay Analysis, is a statistical approach used to merge
thematic maps. It assigns weights to each map based on its significance, creating a composite map
representing an aggregated risk or value. The weight assignment involves allocating weights to each
map (e.g., slope, vegetation, proximity to water bodies) based on their presumed impact on the target
phenomenon.
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Numerical values are then assigned to each map based on specific characteristics, such as a higher
slope receiving a higher assigned value. The weighted sum calculation involves multiplying the values
of each map by their respective weights and combining the results. The calculation relationship within
the WOA can be summarized by the following formula:

Composite Value = (Map Value 1 x Map Weight 1) + (Map Value 2 x Map Weight 2) +
+ (Map Value 3 x Map Weight 3) + (Map Value 4 x Map Weight 4+ ... ()]

Composite Value = (slope value x slope weight) + (aspect value x aspect weight) +
+ (elevation value x elevation weight) + (lithology value x lithology weight)
+ (land use value x land use weight) + (precipitation value x precipitation weight) +
+ (distance to faults value x distance to faults weight)

Higher values on the composite map indicate a higher level of the studied phenomenon, such as
an increased risk of landslides. In summary, WOA combines information from diverse maps,
considering their relative importance, to generate a synthetic map highlighting areas of elevated risk.
Figure 6 illustrates the workflow for the preparation of landslide zoning maps.

5. RESULTS AND DISCUSSION

Different types of factors were assigned ordered weights, with larger weights signifying greater
impacts on the incidence of landslides (Basharat et al., 2016). The Landslide Susceptibility Zoning
(LSZ) map for the study area was constructed, factoring in key elements such as slope, elevation,
rainfall and land use and land cover (Fig. 7).
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Fig. 7. lllustrates the landslide susceptibility zoning map of the Chefchaouen study area, highlighting different
zones based on their susceptibility to landslides.
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Using a weighted analysis technique with ArcGIS tools, the LSZ map was created by defining an
index map layer for these features. Table 2 shows the percentage of indicating landslide susceptibility
as a function of land use and land cover (LULC). The analysis can be summarized as follows: in areas
with low landslide susceptibility (LSZ), dense forests and plantations were the highest proportions
(6% and 5%, respectively). Agricultural, mixed, other and water areas have a proportion of 2%. For
average landslide susceptibility (LSZ), agricultural and other zones had the highest proportions (9%
each), followed by dense forests (8%) and mixed zones (6%). Built-up areas, plantations and water
areas have a lower proportion (2%, 5% and 2% respectively). In terms of high landslide susceptibility
(LSZ), built-up and agricultural areas represent the highest proportion (10% each), followed by other
areas (6%) and dense forests (5%). Plantations, mixed zones and water areas have a lower proportion
(4%, 3% and 1% respectively), suggesting that built-up agricultural areas are more likely to be
affected by landslides, while water areas are the least likely (Table 2).

Table 2.
The distribution of LULC types according to LSZs in the Chefchaouen study area, providing insights
into the spatial variation of land cover within different susceptibility zones.

LSZ LULC
Buildup Dense Plantation | Agriculture Mixed Others | Water
Forest
Low 0% 6% 5% 2% 2% 2% 4%
Medium 2% 8% 5% 9% 6% 9% 2%
High 10% 5% 4% 10% 3% 6% 1%

5.1. Accuracy Assessment of Geological Factors Influencing Landslides

The evaluation of precision in land use was conducted using 140 control points (Table 3).

Table 3
The accuracy assessment results of land use classification for different land use categories, providing
insights into the reliability of classification results for each category.

Land use BuiIdupEoernessetPlantationAgricultureMixedOthersWaterTotaI User's accuracy (%)
Buildup 15 1 1 1 1 1 0 20 0,75
Dense Forest 1 16 1 0 1 1 0 20 0,80
Plantation 0 1 16 1 1 1 0 |20 0,80
Agriculture 0 0 1 14 0 5 0 |20 0,70
Mixed 2 0 0 1 15 2 0 20 0,75
Others 2 2 1 2 10 0 |20 0,50
Water 0 0 0 0 0 20 | 20 1,00
Total 20 20 20 20 20 20 20 | 140 0,76

afcrlffa”c;e(r(; ) | 075 |080| 080 070 | 0,75| 0,50 | 1,00 0,76

Kappa | 0,72

The Kappa coefficient of 0.72 indicates substantial agreement between observed and expected
accuracies. The accuracy assessment of landslide susceptibility mapping (LSZ) was carried out with
60 control points. The results show a user and producer accuracy of 75% for low susceptibility areas,
85% for medium susceptibility areas, and 80% for high susceptibility areas. These accuracy measures
provide an evaluation of how well the LSZ map corresponds to the actual distribution of landslide
susceptibility categories, demonstrating satisfactory agreement between observed and expected
accuracy (Table 4).
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Table 4.
Agreement between observed and expected accuracy for different land use categories.
Built-up Dense Forest . IAgricultural Mixed Other |[Water
Land Use Type |Areas |Areas Plantations Areas |Areas Areas  |Areas
[User’ Accuracy [75% 80% 80% 70% 75% 50% 100%
9
Producer’s 5, ‘80% 80% 70% 75% 50%  [100%
|Accuracy

5.2. Validation of the Landslide Susceptibility Zonation Map

To Field validation at five sites in Chefchaouen confirmed the LSZ map's accuracy (Fig. 8).
Observations matched predicted susceptibility levels, with minor discrepancies analyzed. This
process improved the map's reliability and future mapping techniques.

Fig. 8. Landslides in northern Chefchaouen: recent events and local testimonies
(20/07/2024 - 01/08/2024).

5.3. Limitation of The Study

Our landslide susceptibility study in Chefchaouen faces limitations, including restricted temporal
data, moderate image resolution, and limited validation sites. Rapid urbanization, climate change
scenarios, and geological complexity are not fully captured. The lack of detailed historical landslide
data also affects model validation, requiring careful result interpretation and future research.
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6. CONCLUSIONS

The results of the association between the Land Use and Land Cover (LULC) maps and landslides
reveal crucial information about the susceptibility of different areas.

In the context of the study focused on severe natural disasters, especially landslides, it revealed
distinctive geological and climatic conditions leading to frequent occurrences in the northwest region.
Factors such as slope, orientation, curvature, hillshade and height are considered to minimize slope
stability. This study identified high-risk landslide zones in the north and west regions, mainly on steep
slopes. Nine major landslide-prone zones were identified, assisting stakeholders in formulating
effective mitigation measures based on Landslide Susceptibility Zone (LSZ) maps.

This study emphasized the importance of comprehensive information from risk areas, providing
insights into current and potential landslides. This information proves valuable in mitigating
construction challenges related to landslides, and benefits the public, engineers, and urban planners.
Effective modeling and implementation of mitigation measures are crucial to addressing landslide
risks in the northwest region of Morocco.

According to maps and field visits, deforestation in the northwest and the presence of a water
body in the north, due to heavy precipitation from the northern regions as opposed to the southern
ones, play a part in shaping the present landscape. This research identified high-risk landslide zones
in the north and west regions, mainly on steep slopes. Nine major landslide-prone zones are identified,
assisting stakeholders in formulating effective mitigation measures based on Landslide Susceptibility
Zone (LSZ) map.
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