‘1 remote sensing

Article

Coastal Vulnerability Index Assessment Along the Coastline
of Casablanca Using Remote Sensing and GIS Techniques

Anselme Muzirafuti 1*

check for
updates
Academic Editors: Andy Steven

and Javier Marcello

Received: 19 August 2025
Revised: 19 September 2025
Accepted: 3 October 2025
Published: 6 October 2025

Citation: Mugzirafuti, A.;
Theocharidis, C. Coastal Vulnerability
Index Assessment Along the
Coastline of Casablanca Using
Remote Sensing and GIS Techniques.
Remote Sens. 2025, 17, 3370. https://
doi.org/10.3390/rs17193370

Correction Statement: This article
has been republished with a minor
change. The change does not affect
the scientific content of the article and
further details are available within the
backmatter of the website version of

this article.

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Christos Theocharidis 2

Dipartimento Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della Terra,

Universita Degli Studi di Messina, Via F. Stagno d’Alcontres, 31-98166 Messina, Italy

2 ERATOSTHENES Centre of Excellence, 3036 Limassol, Cyprus;
christos.theocharidis@eratosthenes.org.cy

*  Correspondence: anselme.muzirafuti@unime.it

Highlights

What are the main findings?

e  DE Africa coastlines products revealed strong erosion along Casablanca’s sandy shores,
with a retreat up to —1.5 m/year.

e  Coastal Vulnerabilty Index (CVI) results showed high vulnerability in low-elevation
coastal zones where geomorphological landforms with low slope increase coastal
exposure.

What is the implication of the main finding?

e  The study demonstrates that freely available continental-scale products can effectively
capture long-term shoreline behabiour and inform coastal risk evaluation in regions
lacking in-situ monitoring.

e  The proposed GIS-based workflow can serve as a replicable model for vulnerability
assessment across other African coastal environments.

Abstract

This study explores the potential of Digital Earth Africa (DE Africa) coastlines products for
assessing the Coastal Vulnerability Index (CVI) along the Casablanca coastline, Morocco.
The analysis integrates remotely sensed shoreline data with elevation, slope, and geomor-
phological information from ASTER GDEM and geological maps within a GIS environment.
Shoreline change metrics, including Shoreline Change Envelope (SCE), Net Shoreline
Movement (NSM), Linear Regression Rate (LRR), and End Point Rate (EPR), were used to
evaluate erosion trends from 2000 to 2023. Results show that sandy beach areas, particularly
those below 12 m elevation, are highly exposed to erosion (up to 1.5 m/yr) and vulnerable
to coastal hazards. Approximately 44% and 23% of the study area were classified as having
very high and high vulnerability, respectively. The results indicate that remotely sensed
data and GIS techniques are valuable and cost-effective tools for multi-scale geo-hazard
coastal assessment studies. The study demonstrates that DE Africa products, combined
with local landscape data, provide a valuable tool for coastal vulnerability assessment and
monitoring in Africa.

Keywords: satellite-derived shoreline; coastal erosion; Digital Earth Africa; earth observation;
coastal geomorphology; Landsat; coastal monitoring; climate change
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1. Introduction

In view of the current changes in the climate system and their impacts in coastal
areas, the assessment of coastal vulnerability has become a topic of greatest interest [1-8].
For this reason, several methods have been proposed to determine coastal vulnerability,
and they are mainly classified into four categories: indices, indicators, GIS, and dynamic
computer models [1]. The most commonly used method to assess the coastal vulnerability
is the CVI. This method was introduced by Gornitz [9] to evaluate coastal vulnerability
by considering different physical factors that contribute to coastal erosion. Over the years,
this method has been used by various authors [10-13], who have proposed improvements
and novelties, which led to the creation of sub-methods that consider risk factors such
as socio-economic factors for the Socio-Economic Vulnerability Index (SVI) and physical
factors for the Physical Vulnerability Index (PVI) [1,13].

The physical risk factors, such as coastal slope, coastal elevation, coastal geomorphol-
ogy, and shoreline dynamics, were adopted in the current study to assess the CVI of the
Casablanca coastline. The coastline has been demonstrated to have important ecological
functions and resource values for human survival and economic development [14-16]; thus,
its monitoring and management are crucial. The Casablanca coastline was selected as a case
study due to its high exposure to erosion, rapid urbanization, and increasing development
pressures. Despite its significance, the region lacks long-term, spatially consistent products,
offering harmonized multi-temporal shoreline data across Africa since 2000, and thus
providing a unique opportunity to address this gap. Compared to local or regional datasets,
DE Africa products ensure historical depth, spatial consistency, and scalability for both local
and continental analyses. Previous CVI-related efforts in other regions have produced vul-
nerability maps based on different variables [17,18]. For example, Pantusa et al. [17], along
the Calabrian Coastline, demonstrated that the shoreline erosion/accretion rates are among
the most influential variables in CV studies. The studies conducted by Borzi et al. [19] and
Foti et al. [20] analyzed the coastline evolution and environmental changes by studying
shoreline dynamics, while Castelle et al. [21] and Konstantinou et al. [22] used satellite
imagery to explore the potential of Earth observation (EO) data in the study of coastal area
vulnerability. These studies highlighted the importance of using remote-sensing and GIS
techniques for coastal area monitoring. These techniques are cost-effective and efficient
for multi-temporal and multi-scale coastal vulnerability assessments. They can provide
reliable and accurate results for long-term global shoreline change investigations [23-26].

Digital Earth Africa (DE Africa) [27] is the most ambitious program established in 2019
to leverage the power of remote-sensing EO technologies to produce products and provide
services related to water resources and flood risk management, agriculture and food secu-
rity, land degradation, coastline erosion, and services related to urbanization. This study
aims to evaluate the potential of DE Africa Coastlines products [28] for CVI assessment on
the coastline of Casablanca. While several studies analyzing coastal erosion, beach retreat,
and shoreline retreat have been conducted on the Atlantic Coast of Morocco [29-32], this
current study intends to analyze CVI on the coastline of Casablanca by using DE Africa
Coastlines products in conjunction with local landscape information. According to the
authors’ knowledge, this study is the first of its kind conducted in this area by extracting
and analyzing coastal erosion metrics such annual shoreline distances, SCE, NSM, LRR,
and EPR with the main objective of evaluating CVI. The study focused on the coastline of
Casablanca to evaluate how climate change has been affecting the sea level of the Atlantic
Ocean and its effects on this coastal environment by identifying and analyzing its shoreline
variabilities. The methodological approach used in this study could help decision makers
mitigate and adapt to the effects of climate change in coastal areas. This study represents
the first application of DE Africa Coastlines products for CVI assessment on the Casablanca
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coastline. By integrating satellite-derived shoreline metrics with geomorphology, slope, and
elevation data, we propose a transferable approach for vulnerability mapping in low-lying,
rapidly urbanizing coasts. The use of annual shoreline rates from 2000 to 2023 adds a tem-
poral dimension that is often lacking in conventional studies, allowing for the identification
of long-term trends relevant for local planning.

2. Materials and Methods
2.1. Area of Study

Heger et al. [33] investigated coastal erosion, intending to evaluate recent trends and
hotspots of coastal erosion in Algeria, Libya, Morocco, and Tunisia. The authors analyzed
high-resolution EO data using 50 m resolution segments along the coastline and found
that 54% of the Moroccan coastline is subject to erosion, with a long-term erosion of 0.9%.
In general, the process of coastal erosion varies and depends on shoreline characteristics and
the coastline’s utilization. Casablanca, one of the Moroccan coastal cities, is the economic
capital located northwest of the country on the Atlantic Ocean (Figure 1). Casablanca has
districts like Anfa, Ain Sebba, and Sidi Bernoussi, the country’s most important ports, and
several industries. The study area is an ideal place to study the effect of climate change
because it is at the junction of three environments, namely the ocean, land, and atmosphere,
where we can observe the role played by every unit in the climate system. Due to its
position and relationship with the Atlantic Ocean, Casablanca has winter precipitation
influenced by several factors, such as the North Atlantic Oscillation and the atmospheric
dampness of the west. The wind in areas with modifications in atmospheric pressure
impacts the ocean in terms of currents and oceanic temperatures. In the current study
area, the wind has S and SW directions in November till February and NNE and NW
directions in April till September, with a 1.3 to 4.9 m/sec monthly average speed, but
it can reach 43 m/s maximum value for instantaneous wind in winter at a frequency of
10.2 days/year [34].

612000
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Figure 1. Map showing the location of the area of study on the coastline of Casablanca.
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2.2. Methodology
2.2.1. Dataset and Software

In this study, DE Africa Coastlines products [35,36], geological maps, Advanced Space-
borne Thermal Emission, and Reflection Radiometer Global Digital Elevation Model version
2 (ASTER GDEM V2) with a spatial resolution of 30 m [37-39] were analyzed in a Geo-
graphic Information System (GIS) environment for the assessment of CVI. DE Africa Coast-
lines products contain information related to Africa’s dynamic coastline from 2000 to 2023
for the whole African continent. These products have been generated following the same
procedures as the Digital Earth Australia coastlines products [25]. The V0.4.2 version of
DE Africa Coastlines products was accessed and downloaded from Amazon Web Ser-
vices S3 [35]. They are grouped into two shapefile categories, polylines for the African
annual shorelines that represent the median or ‘most representative’ position of the shore-
line at approximately 0 m Above Mean Sea Level for each year since 2000 to 2023; and
points for the African shoreline rate-of-change statistics, which are point datasets providing
robust rates of coastal change for every 30 m along Africa’s coastlines. The Centre de
Suivi Ecologique, Dakar, has conducted a study to test the performance of the DE Africa
Coastlines in collaboration with the member states of the WACA /ORLOA network (Invest-
ment Project for the Resilience of West African Coastal Zones/Regional Observatory of
the West African Coast): Mauritania, Senegal, Gambia, Guinea Bissau, Republic of Guinea,
Sierra Leone, Liberia, Cote d’Ivoire, Ghana, Togo, Benin, and Sao Tome, and Principe [35].
In each country, test sites were selected depending on the size of the portion of the coast,
the availability of reference data, and the metadata associated with each type of data.
The imagery for each country had a consistent accuracy of 5 m [35]. The analysis of the DE
Africa Coastlines products (Table 1) allowed for a more detailed analysis of the coastline of
Casablanca. Although the DE Africa Coastlines products are based on medium-resolution
(30 m) Landsat imagery, the shoreline positions were validated to achieve a median hori-
zontal positional accuracy of approximately 5 m. This level of accuracy, combined with
its consistent multi-temporal coverage, makes the dataset appropriate for regional-scale
shoreline change analysis in data-scarce environments such as Morocco’s Atlantic Coast.

Table 1. Digital Earth Africa Coastlines products dataset descriptions [35,36].

Specification Descriptions

Cell size—X (meters) 30

Cell size—Y (meters) 30

Coordinate reference system ESPG:6933

Temporal resolution Annual

Temporal range 2000-2023

Parent dataset Landsat Collection 2 Surface Reflectance
Update frequency Annual

Update latency 6 months from the end of the previous year
Product types Annual coastlines: Rate of change statistics

coastlines_v0.4.2_shorelines_annual;
coastlines_v0.4.2_rates_of_change
Data types Shapefiles: polylines and points

Product names

2.2.2. Coastal Geomorphology—Lithology

The City of Casablanca, situated on the western limit of the Moroccan coastline, has
two main rivers: Beth and Bourgreg. It also has big watersheds and several dams. In addi-
tion, the coastal region is drained by small rivers such as Oued Mellah, Oued Lakhdar, Oued
Dir, Oued Merzeg, Oued Arrimena, and Oued Bouskoura. Each river has its watershed
with variable shapes and different characteristics. The geological formations dominating
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the coast of Casablanca are shale, sandstone, and quartzite; these formations constitute the
folded Hercynian bedrock, which is affected by a network of faults dominating the NE-SW
direction. The bedrock is visible in some coastal regions, but the rest is covered by secondary
(Triassic and Cretaceous) formations and Tertiary formations dominated by limestone, and
conglomerate; and Quaternary formations dominated by sand. The geomorphology of the
Casablanca coast is characterized by sand beaches, rocky beaches, and artificial structures
(Figure 2). In the ArcGIS software version 10.2.2, geomorphology-lithology information of
the Casablanca coastline was obtained using visual interpretation and manual digitization

approaches from geological maps and historical data [40].
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Figure 2. Extract of geologic map of Casablanca showing prominent geologic outcrops (modified
from the geologic map of 1946 and Zerhouny et al. [40]).

2.2.3. Coastal Elevation

Coastal area elevation is an important factor in analyzing the behavior of the coastline
concerning sea level rise. On the coast of Casablanca, information related to elevation
was extracted from ASTER GDEM. The low-lying regions represent areas that are very
vulnerable to rising sea levels. It is important to note that rising sea levels will amplify
the erosion of beaches and accentuate land’s submersion through the action of waves.
Previous studies on the coastline of Casablanca-Mohammedia show evidence of ancient
land movements and block falls generally located at the level of the coastal Corniche and
other places. The geological context of Morocco and other countries of the Gulf of Cadiz
(Spain, Portugal) is the source of tsunamis, which can destroy a large part of their coastlines
(Figure 3), as noted by Omira et al. [41].

Regarding seismic risks, the Peak Ground Acceleration (PGA) maps calculated for
a return period of 475 years show values between 0.04 g and 0.08 g, indicating that the
Casablanca site would have an intensity in the order of V corresponding to a moderate
level of damage. This allowed us to envisage an intensity in the order of lower than V for
50 years. However, such intensity estimates for PGA values do not consider local geolog-
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ical or topographical conditions that can amplify seismic movements [42]. Concerning
tsunami risks, historical events and seismotectonic contexts indicate that the Moroccan
west coast is exposed to relatively significant tsunami risks with wave heights of 2 m
and 1 m compared to the events of 1 November 1755 and 28 February 1969. In the next
20 years, there is estimated to be about a 10% probability of a wave of 1 m in height on the
coastline of Casablanca [42]. Analysis of altimetry data shows that from 15 January 1993 to
15 December 2014, the sea level at the coast of Casablanca increased by 2.6 mm/year. This
rise in sea level is partially due to the global melting of glaciers and ice sheets, continental
water exchange with the ocean and the Gibraltar Strait, rising ocean temperature, and
glacial isostatic adjustment. It is also important to note that the 30 m spatial resolution
of the ASTER GDEM may affect the accuracy of the derived elevation maps and slope
values, particularly in narrow, steep, or highly variable coastal areas. This issue reflects the
well-documented scale dependency in geospatial analyses, similar to the British coastline
paradox [43], where the measured length of coastlines varies depending on the measure-
ment resolution. Although finer-resolution elevation models (e.g., ALOS-DEM, EU-DEM,
and UAV-derived DEMs) would offer more detail, ASTER GDEM was used to ensure
consistency with the 30 m resolution of the DE Africa Coastlines datasets.
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Figure 3. Digital maps showing (a) the minimum travel time to arrive at the shore estimated for
five sources (GB, MPF, HSF, PBF, and CWF); and (b) the maximum wave height for the 5 Tsunami
sources of the coastline of Casablanca, modified from Omira et al. [41].

2.2.4. Coastal Slope

The slope is an important parameter in the study of the impact of sea level rise, as it
not only makes it possible to estimate the relative risks of flooding of the shore but also
influences the velocity of change in the coastline for shrinkage regions with low slope
values. Ten percent of the Casablanca coastline has a slope ranging from 0 to 4%, with areas
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likely to be affected by the rise in sea level, which is accompanied by surges, storms, and the
action of waves. The slope was calculated from a Digital Elevation Model (ASTER DEM),
using the Horn 1981 [44] method, available in the ArcGIS spatial analyst and useful for
beach morphology change studies [45].

2.2.5. Shoreline Dynamics

The coastline of Casablanca is subjected to a range of pressures, including extreme
weather and climate, sea level rise, and human development. Understanding how this
coastline responds to these pressures is important for managing this region from social, en-
vironmental, and economic perspectives. The DE Africa Coastlines products are continental
datasets that include annual shorelines and coastal change rates along the entire African
coastline from 2000 to 2023. These products combine satellite data from the DE Africa
program with tidal modeling to map each year’s typical coastline location at mean sea
level. Based on a tidal mode, the mapped shoreline corresponds to the median waterline
position at approximately 0 m above mean sea level. The products enable coastal erosion
and growth trends to be examined annually at both a local and continental scale, and for
patterns of coastal change to be mapped historically and updated regularly as data continue
to be acquired. The ability to map shoreline positions for each year provides valuable
insights into whether changes to the coastline resulting from particular events or actions,
or a process of more gradual change over time [35,36]. Such analyses were conducted in
this study. A database of annual shorelines (Figure 4) and 1630 points of those products
was created and analyzed in ArcGIS.

625000 630000

" Annual shorelines 2004 2009 2014 —— 2019

2000 — 2005 2010 2015 — 2020
2001 2006 201 2016 2021
2002 2007 2012 —— 2017 2022
2003 2008 2013 2018 — 2023,

T T T T T
620000 625000 630000 635000 640000

Figure 4. Annual shorelines on the coast of Casablanca obtained from DE Africa Coastlines v0.4.2.

Locations of measured points containing rate-of-change statistics for every 30 m along
the coast of Casablanca were obtained from DE Africa Coastlines v0.4.2 and were used to
calculate coastal erosion metrics such as End Point Rate (EPR), which indicates the rate
of change between the oldest and the youngest shoreline for each transect; and Linear
Regression Rate (LRR), which is a regression statistic estimated by fitting a least-squared
regression line to all shoreline points of a transect. LRR represents the change in m/yr
occurring on each transect. It is determined by plotting the shoreline intersect positions
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(distance from baseline) with respect to shoreline date (time); in this case, all the data (annual
shoreline positions) are used, regardless of changes in trend or accuracy, as presented in
Figure 5. In this study, the EPR and LRR were used in conjunction with variables to calculate
the CVI. The EPR is calculated by dividing the displacement distance by the time that has
elapsed between the oldest and the most recent shoreline. The results indicated the accretion

(for positive values) and the erosion (for negative values) for the study area.

y =1.0419x-2105.9
R2=0.346

Cross—shore distance (m)

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Annual observation

®) °
g o 0
[}
o
£
z S
ae]
(V]
I
= -10
"
E _15 .2399998 y=0.6191x-1252.5
o R?=1
=20

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Annual observation

Figure 5. Illustrations of LRR and EPR calculations using annual shoreline distances. This illustration
is an example of the measured point 0 located on the coast of Casablanca, Morocco (the beach at
the Zenata segment). (a) LRR is calculated by considering all cross-shore annual shoreline positions
where the slope of the equation equals the rate of change (1.0419 m/yr). (b) EPR is calculated
by considering cross-shore positions of the oldest annual shoreline (2000) and most recent annual
shoreline (2023) where the slope of the equation equals the rate of change (0.6191 m/yr). Detailed
descriptions of this point considered for LLR and EPR calculations are presented in Supplementary
Materials S.1 (Table S1).

DE Africa Coastlines products also allowed us to compute (Equations (1)—(3)) distance
measurements in meters, such as NSM, which indicates the distance between the oldest
and the recent shoreline for each point; and the Shoreline Change Envelope (SCE), which
indicates a measure of the maximum distance of change or variability among all annual
shorelines (Figure 6). SCE is calculated by computing the distance between two annual
shorelines intersecting a given transect.

Y = (ax +b) 1)

NSM = (do — di) @)
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EPR =

ti is the shoreline date (time) of the oldest shoreline, to is the shoreline date (time) of the
recent shoreline, a is the slope of the equation describing the LRR of the linear regression

equation of Y, and b is a constant.
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Figure 6. (a) NSM on the coast of Casablanca. It is the distance between the oldest shoreline (2000)
and the most recent annual shoreline (2023). Negative values indicate that the coastline retreated
between 2000 and 2023, while positive values indicate the growth of the coastline. (b) Map depicting
the Shoreline Change Envelope (SCE) on the coast of Casablanca. Information related to the location
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The combination of EPR, LRR, NSM, and SCE was selected to capture both the tem-
poral trends and spatial variability of shoreline change. EPR and LRR provide insights
into long-term trends in erosion and accretion, which are essential for understanding the
rate and direction of coastal change. In contrast, NSM quantifies the net positional change
between endpoints, while SCE reflects the maximum observed variability across all an-
nual shoreline positions. Together, these metrics offer a robust representation of shoreline
dynamics, enabling a more comprehensive and practical coastal vulnerability assessment.

2.2.6. Coastal Vulnerability Index Calculation

Information obtained from different coastal variables, such as coastal geomorphology—
lithology, coastal slope, shoreline dynamics (erosion/accretion), and coastal elevation, were
used to compute the CVI using Equation (4), which integrates all of these variables (Table 2).
While it is well known that there is no universally fixed equation for calculating CVI,
methodological approaches are typically adapted to the specific morphological charac-
teristics of the study area, such as surface features, geological settings, and local coastal
processes. The four variables in this study were selected based on their physical relevance
to coastal vulnerability and their frequent application in previous CVI frameworks. These
parameters have consistently been identified in the literature as key indicators of coastal
risk, especially in areas experiencing rapid shoreline changes and low-lying topography.
Additionally, these variables were chosen based on data availability, quality, and their
capacity to capture the dominant processes influencing vulnerability along the Casablanca
coastline. In this study, the CVI was calculated as the geometric mean of the ranked vari-
ables. The use of the geometric mean rather than the arithmetic mean was chosen because
it reduces the influence of extreme values and provides a balanced representation of the
combined effect of multiple factors, which is particularly appropriate in multi-criteria
assessments such as CVI. Equal weighting of the four variables was applied following a
common practice in previous CVI applications, where, in the absence of a universally ac-
cepted weighting scheme, equal weighting ensures that no single factor disproportionately
drives the index.

CVI=\/(V1+ V2% V3« V4)/4 @)

Table 2. Variables used to calculate the Coastal Vulnerability Index.

Ranking of Coastal Vulnerability Index

ID Variable Low Moderate High Very High
1 2 3 4
V1 Coastal geomorphology Rocky areas: gﬁ;gﬁ;tss’ greywackes, pro?effejzzﬁgsgzzzles Sandy beaches
V2 Coastal slope (%) >12 8-12 4-8 0-4
V3 Altitude (m) >9 69 3-6 0-3
V4 Shoreline dynamics (m/yr) >+1-—>0 <0->-1 <—1->-2 <—2

3. Results

In this study, the CVI was calculated to assess the vulnerability of the Moroccan At-
lantic Coast in Casablanca. The CVI was analyzed using remote-sensing and GIS techniques,
namely the DE Africa Coastlines products and ASTER GDEM, as well as a geological map
in a GIS environment. The CVI was calculated based on four variables (coastal elevation,
coastal slope, coastal geomorphology-lithology, and shoreline dynamics). Figure 7 depicts
the vulnerability of the coast of Casablanca based on its geomorphology. Very high vulner-
ability was observed in areas occupied by sandy beaches in the NE and SW of Casablanca,
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while high and moderate vulnerability were observed on natural and semi-natural coasts
occupied by hard rocks.

Casa Gomorlog
Very high §
High
Moderate b
i , Low . . )

Figure 7. Coastal geomorphology variable ranking was used to calculate the CVI calculation.

Figure 8 illustrates the vulnerability ranking of the coast of Casablanca concerning the
coastal slope (steepness from each coastal cell of an elevation raster with 30 m of spatial
resolution) and coastal elevation (vertical distance of a point above the mean sea level). Very
high vulnerability was observed on sandy beaches, while high and moderate vulnerability
were observed on natural and semi-natural coasts occupied by hard rocks.

For each point, the rates of change were calculated by linearly regressing the annual
shoreline cross-shore position against the annual observation, as presented in Figure 5.
Negative values indicate the retreat, while positive values indicate the growth of the
coastline. However, the annual shorelines do not reflect shorter-term coastal variability,
such as changes in shoreline position between low and high tide, seasonal effects, or short-
lived influences of individual storms. In this case, annual shorelines could show lower
variability than the true range of coastal variability observed, and the rates of change do not
assign a reason for change, nor do they necessarily represent processes of coastal erosion or
sea level rise [35,36]. For these reasons, the rates of change (Figure 9) should be interpreted
with caution. Therefore, six sand beaches were chosen to better analyze the shoreline
dynamics related to coastal erosion and accretion. In this regard, the coastline of Casablanca,
from 2000 to 2023, had a high rate of erosion, of about —1.45 m/yr and —1 m/yr, calculated
on the Beach of Ain Sebaa for EPR and LRR, respectively. This phenomenon affected the
regions occupied by the sand beaches, which had low protection against the tides and
human activities. Almost the entire coastline of Casablanca is affected by erosion, with a
high rate observed in the regions occupied by Quaternary formations and a low rate in the
areas occupied by hard rocks and man-made structures. In the northeast of Casablanca,
on the Beaches of Zenata, Anfa, and Ain Diab, the shoreline variation is continuous, with
erosion persisting in these areas. On the Port and Marina of Casablanca and its western
part, the position of the shoreline is irregular in times with alternation of erosion and
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accretion processes. In general, the CVI (Figure 10) calculated indicates that the coastline
of Casablanca is vulnerable, and some parts of its coastline need changes in practice and
protection against the effects of extreme weather and human activities, particularly the
eastern part at Zenata, where the city reaches the highly vulnerable coastline.
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Figure 8. Rankings of variables used to calculate the Coastal Vulnerability Index: (a) coastal slope
and (b) coastal elevation.
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Figure 9. Annual rates of change for 1630 points located on the coast of Casablanca. LRR revealed the
coastline growth reaching 16 m/yr and the retreat of about —4 m/yr near the port of Casablanca (a),
while EPR indicated the coastline growth of about 28 m/yr and a retreat of about —3 m/yr (b).
Information related to the significance (p-value) and the standard error of the linear relationship
between the annual shoreline cross-shore positions and the annual observations is presented in
Supplementary Materials S.3 and S.4 (Figures S2 and S3).
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Figure 10. The CVI of the coast of Casablanca indicates very high vulnerability on sand beaches. High
vulnerability was observed on semi-rocky areas, moderate vulnerability was observed on semi-rocky
areas, and low vulnerability was observed on artificial areas.
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Figure 11 depicts the proportion of the CVI, indicating that 43.95% and 23.03% of the
Casablanca coastline have, respectively, a very high and high vulnerability index, and they
are vulnerable to natural phenomena such as inundation, coastal flooding, and submersion,
while 7.58% and 25.44% have, respectively, moderate and low vulnerability. The northeast
and southwest of the coastline of Casablanca are more vulnerable due to a lack of protection
for areas occupied by sandy beaches, while the areas occupied by hard rocks or cliffs are
less vulnerable. However, in the central part of the harbor of Casablanca, the artificial
coastline is occupied by constructions and is well protected.

43.95%

\ el

23.03%

Very high vulnerability - High vulnerability = Moderate vulnerabilty = Low vulnerability

Figure 11. Repartition of the Coastal Vulnerability Index for the coast of Casablanca.

4. Discussion

4.1. Annual Rates of Change and Coastline Classification for the Beaches of Madame Choual, Ain
Diab, Anfa, Ain Sebaa, Nahla, and Zenata, Located on the Coastline of Casablanca

The study conducted by Pantusa et al. [17] showed that the shoreline rates of change
are among the most influential variables in the assessment of the coastal vulnerability (CV);
to further evaluate the contributions of the LRR and the EPR to the vulnerability of the
coastline of Casablanca, very detailed shoreline dynamics were performed on six beaches,
namely Madame Choual (Figure Al; Table A1), Ain Diab (Figure A2; Table A2), Anfa
(Figure A3; Table A3), Ain Sebaa (Figure A4; Table A4), Nahla (Figure A5; Table A5), and
Zenata (Figure A6; Table A6). The ability to calculate the rate of change in the shoreline
for each 30 m along the coastline of Casablanca provides a huge opportunity to identify
the areas affected by erosion and accretion. This information is beneficial for determining
how such geological processes contribute to coastal vulnerability. The level of detail
offered by this point-based analysis for six distinct beaches is rarely explored in CVI
studies, particularly in Africa. By applying both LRR and EPR at 30 m intervals along
the shoreline, this study provides spatially explicit insights into how vulnerability differs
across small-scale geomorphic units. Notably, discrepancies between LRR and EPR values
were observed at several locations, particularly between measured points 396 and 484
(Figure 9). In this segment, EPR shows a pronounced peak of up to 28 m/yr, while LRR
remains substantially lower. This difference reflects a non-linear shoreline behavior, where
significant accretion occurred near the end of the time series. Since EPR only considers the
net change between the oldest and most recent shoreline, it captures such abrupt, recent
changes more strongly. In contrast, LRR averages all shoreline positions over time, thus
dampening short-term variation. This highlights the value of using both metrics to capture
different dimensions of shoreline dynamics.
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The sandy Beach of Madame Choual is located on the southwest (SW) of Casablanca,
near the commercial centre of Morocco Mall. Analysis of the 49 points obtained from the
DE Africa Coastlines products, as presented in Figure A1, revealed accretion of the coastline
of about 77.5% and 75.5% (Table A1), concerning the results obtained by LRR and EPR.
Also, a low vulnerability index was observed, probably due to the morphology of the beach
protected by natural and semi-natural features located in the NE, contrary to the SW, where
moderate erosion was observed. The rates of change calculated for 71 points along the
coast of the Beach of Ain Diab (Figure A2) indicated moderate erosion of about 18% and
42% (Table A2) for both LRR and EPR, respectively. The assessment of the CV indicated
that its index varies from moderate to low vulnerability, mainly due to its configuration.
Meanwhile, Figure A3 showed that the rates of change calculated for 44 points located on
the Beach of Anfa varied from 93.18% to 6.82% for LRR and from 59.1% to 38.63% for EPR,
with low vulnerability observed for a large part of the beach (Table A3).

In addition, on the Beach of Ain Sebaa, the rates of change calculated for the 43 points
(Figure A4) highlighted areas affected by moderate to low vulnerability (Table A4). Further-
more, the rates of change calculated for 95 points located on the Beach of Nahla (Figure A5)
illustrated a trend of shoreline changes dominated by erosion of about —1.4 m/yr, as
obtained with EPR, and moderate accretion of about 1.5 m/yr for LRR, with both indices
revealing high-, moderate-, and low-vulnerability areas (Table A5). Analyses conducted for
76 points on the Beach of Zenata (Figure A6) pinpointed the importance of evaluating the
shoreline dynamics with two more indices for CVI assessment. LRR indicated that from
2000 to 2023, the Beach of Zenata experienced accretion with low vulnerability, while EPR
was able to provide information related to erosion with a rate of about —1 m/yr (Table A6).

In general, the rates of change calculated for these six beaches revealed low CVI with
moderate accretion at the rates of 82% and 63%, moderate CVI with moderate erosion at
the rates of 17% and 34%, and high CVI with high erosion at the rates of 0.89 and 3.06 for
LRR and EPR, respectively; no very high CVI was observed for LRR or EPR (Figure 12).

Nevertheless, due to the limited availability of consistent datasets for Casablanca,
the validation of DE Africa-derived shoreline change rates against in situ data such as
local tide gauges, long-term beach profile surveys, or official erosion reports was not
conducted. However, as mentioned earlier, the coastlines of the DE Africa Coastlines
have undergone continental scale calibration/validation process with median horizontal
positional accuracy of ~5 m, supporting their reliability for regional assessments. In
our case, in situ field observations from 2015 were used to confirm shoreline positions
and coastal features qualitatively, and these were consistent with the spatial patterns of
high and very high vulnerability identified. Additionally, Chtioui et al. [46] analyzed the
storm’s influence on shoreline evolution along Casablanca-Mohammedia coastline, using
historical aerial photographs, wave analysis data, Landsat data, GIS tools, and statistical
methods. The authors evaluated spatial and temporal changes in the shoreline from 1969
to 2020. Their findings indicated that approximately 39% and 61% of the studied area
have experienced erosion and accretion, respectively, with no clear correlation with storm
parameters. However, it is important to note that the analyses were conducted for five
shorelines of 1962, 1982, 1997, 2009, and 2020, which would not allow for an accurate
evaluation of the temporal influence of the storm events on shoreline movement. On
the one hand, the DE Africa’s annual shoreline positions (Supplementary Materials) are
consistent with the yearly distribution of the wave parameters (Figure 13), with a higher
wave height leading to the movement of the shoreline toward the land, especially in 2008,
2011, and 2014. On the other hand, DE Africa Coastlines products’ rates of change for
the Casablanca coastline coincide with yearly storm energies, as the lowest cumulative
energy leads to shoreline erosion at a significant rate, while the highest cumulative energy
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leads to accretion with a high rate of change. Flooding episodes along the coastline of
Casablanca-Mohammedia [47] frequently occur at high tide, with the most vulnerable zone
identified on sandy beaches, and such coastal hazards are projected to grow.

Moderate accretion

e
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Very high erosion
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Figure 12. Distribution of shoreline change categories by CVI class for the six beaches on the
Casablanca coast, based on LRR and EPR. The bars represent the percentage of shoreline segments
under each CVI class experiencing very high, high, and moderate erosion, and moderate accretion.
The figure illustrates how erosion intensity corresponds to CVI levels, with higher vulnerability
classes generally linked to higher erosion rates, and lower vulnerability classes associated with
moderate accretion. Differences between LRR and EPR highlight the impact of temporal variability
in shoreline change detection.

4.2. Implications for Coastal Areas Management

This study reveals that DE Africa Coastlines products can be used for coastline dynam-
ics studies and the assessment of coastal vulnerability of the whole African continent. Such
studies could provide helpful information about particular events or processes affecting
African coastal regions. In the context of climate change, monitoring the shoreline and
managing coastal areas are becoming increasingly important because they directly affect
the coastal environment and economic development. By analyzing the LRR and EPR [48],
future shoreline position can be predicted [49-53] and help prepare for future changes
which could affect the coasts and effectively mitigate the impacts of hydrogeological events
aggravated by climate change, such as sea level rise, severe storms, coastal submersion,
and saltwater intrusion [54].
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Figure 13. Yearly distribution of significant wave height (A), number of storms (B), storm duration (C),

Years

1987 p—
1991 —
1999 i—

Z(X)l ——

1992
1993

and storm energy (D) during the 19692020 period along the coastline of Casablanca-Mohammedia,
modified from Chtioui et al. [46].

Coastal rates of change also help us implement shoreline monitoring services that aim
to support the effective management of highly dynamic and constantly changing coastal en-
vironments with hazardous conditions, as well as for sustainable coastal zone management.
In addition, rates of change from DE Africa can be combined with socio-economic risk fac-
tors for an integrated socio-environmental vulnerability assessment of coastal hazards [55].
Therefore, this study not only constitutes a significant contribution to coastal vulnerability
assessment of Casablanca but also holds significant practical implications for scientists,
managers, and policymakers to assess the impact of the range of drivers impacting the
coastlines and potentially assist planning and forecasting for future scenarios for other
regions and countries [35,36,56,57]. While our methodological framework builds on estab-
lished CVI practices, the novelty lies in the operational use of DE Africa data combined
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with topographic and lithological inputs to inform location-specific vulnerability assess-
ments. The methodological simplicity supports reproducibility across other data-limited
regions, while the spatial resolution and beach-level focus address key knowledge gaps in
site-specific coastal risk evaluation. In addition, developing predictive shoreline models
based on multi-temporal data represents a valuable direction for future studies, as it could
provide critical insights into the expected trajectory of coastal change under various envi-
ronmental and anthropogenic pressures. Such predictions would be essential for proactive
planning, enabling coastal managers and policymakers to implement timely interventions,
design resilient infrastructure, and minimize socio-economic and ecological impacts in
vulnerable areas. Further research should explore how the spatial patterns of erosion and
coastal vulnerability relate to regional oceanographic and meteorological drivers such as
wave exposure, prevailing currents, and tidal range. Incorporating datasets such as ERA5
wave reanalysis, sediment budgets, or coastal modification records could provide valuable
context for interpreting the physical processes underlying shoreline change. Therefore,
information related to the state and the utilization of the coastline obtained from in situ
documentations (Figure 14), combined with information obtained from remote-sensing
datasets, is crucial for monitoring the coasts and managing coastal areas.

Figure 14. Cont.
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Figure 14. Casablanca coastline landscape features obtained from field observations conducted on
6 August 2015. The coastline field documentation was performed by taking photographs of geologic
formation (A,E K), instantaneous shoreline (F), urban extension (B,D,F,J), beach composition (I), and
beach stabilizations (L) and utilization (C,G,H). Information obtained was later used for interpretation
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and the validation of remote-sensing results. These photographs were taken on the beach of the Anfa
segment (A-D), on the neach of the La Corniche segment (E-H), and on the Beach of the Ain Diab
segment (I-L).

5. Conclusions

The present study was undertaken to evaluate the coastal vulnerability of the
Casablanca coastline due to climate change, using remote sensing and GIS. DE Africa
Coastlines products and ASTER GDEM, combined with a geological map, allowed for the
assessment of Casablanca’s coastal vulnerability. Four variables were used to calculate the
CVLI: coastal geomorphology, coastal elevation, coastal slope, and coastal dynamics. The
findings of this study can be summarized as follows:

1.  Digital Earth Africa (DE Africa) coastlines products allowed us to conduct detailed
analyses of shoreline dynamics from 2000 to 2023.

2. Around 44% to 23% of the studied areas have a very high to high vulnerability, partic-
ularly along sandy beach segments with low elevation. These areas are vulnerable to
natural phenomena such as inundation, coastal flooding, and submersion.

3. Besides the Coastal Vulnerability Index assessment, DE Africa Coastlines products
can further be used to develop coastal erosion indicators [58] and coastal erosion
prediction models.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1s17193370/s1. Detailed descriptions of point 0 considered for the showcase of the extraction
of the coastal erosion metrics; the location of the 1630 points analyzed on the coast of Casablanca; the
significance (p-value) values of the linear relationship between annual shoreline positions and the
annual observations; the standard error of the linear relationship between annual shoreline positions
and the annual observations; and charts depicting annual shoreline positions (cross-shore distances)
for each point located on the Madame Choual, Ain Diab, Anfa, Ain Sebaa, Nahla, and Zenata Beaches,
Casablanca, Morocco.
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Abbreviations

The following abbreviations are used in this manuscript:

Advanced Spaceborne Thermal Emission and Reflection Radiometer Global

ASTER GDEM (V2) Digital Elevation Model (version 2)
CVI Coastal Vulnerability Index

DE Africa Digital Earth Africa

DEM Digital Elevation Model

EO Earth Observation

EPR End Point Rate

GIS Geographic Information System
LRR Linear Regression Rate

NSM Net Shoreline Movement
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PGA Peak Ground Acceleration

PVI Physical Vulnerability Index

SCE Shoreline Change Envelope

SVI Socio-Economic Vulnerability Index
WACA West African Coastal Areas
Appendix A

Annual rates of change and coastline classification conducted on the Beach of Madame
Choual.
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Figure A1. Annual shorelines and the location of 49 points containing annual rate-of-change values
(LRR and EPR) and Net Shoreline Movement (NSM) for the Beach of Madame Choual. The points
are labeled from the NE (point 1473) to the SW (point 1521), with an interval of 30 m. For each point,
annual rates of change were calculated from 2000 to 2023. LRR revealed the coastline growth of about
1.5 m/yr, while EPR indicated the coastline growth of about 0.9 m/yr and a retreat of about —0.6 m/yr.
The NSM indicates that the direction of longshore transport is SW to NE. Details on cross-shore
annual shoreline positions are presented in Supplementary Materials S.5 (Figures S4-S6 and S8).

Table Al. Annual rates of change and coastline classification results obtained for the Beach of

Madame Choual.
Rate of Change = LRR EPR Coastline CVI
Range (m/yr) (%) (%) Classification Ranking
<=2 N. A N. A Very high erosion Very high
<—1->-2 N. A N. A High erosion High
<0->-1 N. A 24.45 Moderate erosion Moderate
>0-<+1 77.55 75.55 Accretion

>+1 22.45 N. A Moderate accretion Low
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Annual rates of change and coastline classification conducted on Ain Diab beach.
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Figure A2. Annual shorelines and the location of 71 points containing annual rate-of-change values
(LRR and EPR) and Net Shoreline Movement (NSM) for the Beach of Ain Diab. The points are labeled
from the NE (point 1356) to the SW (point 1426), with an interval of 30 m. For each point, annual rates
of change were calculated from 2000 to 2023. LRR revealed the coastline growth of about 2 m/yr
and retreat of about —0.4 m/yr, while EPR indicated the coastline growth of about 2.3 m/yr and a
retreat of about —0.55 m/yr. The NSM indicates that the direction of longshore transport is SW to
NE. Details on cross-shore annual shoreline positions are presented in Supplementary Materials S.6
(Figures 58-512).

Table A2. Annual rates of change and coastline classification results obtained for the Beach of Ain

Diab.
Rate of Change = LRR EPR Coastline CVI
Range (m/yr) (%) (%) Classification Ranking
<=2 N. A N. A Very high erosion Very high
<—=1->-2 N. A N. A High erosion High
<0->-1 18.30 42.25 Moderate erosion Moderate
>0-<+1 56.34 35.21 Accretion L
>+1 25.36 22.54 Moderate accretion ow
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Figure A3. Annual shorelines and the location of 44 points containing annual rate-of-change values
(LRR and EPR) and Net Shoreline Movement (NSM) for the Beach of Anfa. The points are labeled
from the NE (point 1266) to the SW (point 1309), with an interval of 30 m. For each point, annual rates
of change were calculated from 2000 to 2023. LRR revealed the coastline growth of about 1 m/yr
and retreat of about —0.2 m/yr, while EPR indicated the coastline growth of about 1.09 m/yr and
a retreat of about —0.5 m/yr. The NSM indicates that the direction of longshore transport is SW to
NE. Details on cross-shore annual shoreline positions are presented in Supplementary Materials S.7
(Figures S13-515).

Table A3. Annual rates of change and coastline classification results obtained for the Beach of Anfa.

Rate of Change LRR EPR Coastline CVI
Range (m/yr) (%) (%) Classification Ranking
<=2 N. A N. A Very high erosion Very high
<—1->-2 N. A N. A High erosion High
<0->-1 6.82 38.63 Moderate erosion Moderate
>0-<+1 93.18 59.1 Accretion

>+1 N. A 2.27 Moderate accretion Low
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Figure A4. Annual shorelines and the location of 43 points containing annual rate-of-change values
(LRR and EPR) and Net Shoreline Movement (NSM) for the Beach of Ain Sebaa. The points are labeled
from the NE (point 210) to the SW (point 252), with an interval of 30 m. For each point, annual rates
of change were calculated from 2000 to 2023. LRR revealed the coastline growth of about 3.4 m/yr
and retreat of about —1 m/yr, while EPR indicated the coastline growth of about 2.09 m/yr and a
retreat of about —1.45 m/yr. The NSM indicates that the direction of longshore transport is NE to
SW. Details on cross-shore annual shoreline positions are presented in Supplementary Materials S.8
(Figures 516-518).

Table A4. Annual rates of change and coastline classification results obtained for the Beach of Ain
Sebaa.

Rate of Change LRR EPR Coastline CVI
Range (m/yr) (%) (%) Classification Ranking
<=2 N. A N. A Very high erosion Very high
<=1->-2 4.66 16.28 High erosion High
<0->-1 37.2 39.53 Moderate erosion Moderate
>0-<+1 11.63 20.93 Accretion

>+1 46.51 23.26 Moderate accretion ~ -OW




Remote Sens. 2025, 17, 3370

25 of 30

28

inual shorelines
2000

2001
2002
2003

Annual rates of change and coastline classification conducted on the Beach of Nahla.

-
- Al al rates of change (m/;
£ LRR - Anacal s of change mi EPR QUILELEs of change Net Shoreline Movement (m)
ot : AL (miy) L
- | \
o — A & A o
Pi— Lo 8 o = 8 8 3 B o 5 8 8
—— o = & ° o o I
=3 . o)
& 3 B —_—
IS (2 [ —
R "~y o
.
I . R
& (o’ i —
IS 3 N —
N 2 Pt 5 =
3 ~. 8 —=
o B f—
% < 8 =
8 3 n =
e [ Q-
8 3 e
- o« € -
3 Y [ —
= e IS
B o N —
S & e ——
= 3 [ — -
& S~ o —
H _
2 8 - P —
& B —
pes s [ —
a2 " —
= - R — ]
I3 . —
= % - ——
5 ] " —~—
2 g o S =
g 29 °~, 2 3=
s s 3 " = on
2 J
g 25 K 2 =
2 <8 . 2 - ———.
g 3 "~ 4 2
g g o 0N I D —
g 2 J H S —_—
5 3 o a B —
g R r 3 2 =
@ = ' o
o =
LA 3 2 S F
5 @ N
N B v
[ ., N
a o ]
- D o
S ve e
3 & —
© & —————
s 2
= ey, ==
I3 Cal ——]
n S —
o ——
g H f——
n s f——)
8 o« = ——|
’8? %, r—
. ——
= >3 —_—
8 b3 - ——
2 o =
g ‘s ——"=
8 1S r——
* i
‘ 8 s ——
y . —t—
2008 2008 N - —
— 2005 2010 » < o=
—— 2008 — 201 3 s —=
o —_——=
R ———]
= .

Figure A5. Annual shorelines and the location of 95 points containing annual rate-of-change values
(LRR and EPR) and Net Shoreline Movement (NSM) for the Beach of Nahla. The points are labeled
from the NE (point 118) to the SW (point 212), with an interval of 30 m. For each point, annual rates
of change were calculated from 2000 to 2023. LRR revealed the coastline growth of about 1.5 m/yr
and retreat of about —1 m/yr, while EPR indicated the coastline growth of about 1.2 m/yr and a
retreat of about —1.3 m/yr. The NSM indicates that the direction of longshore transport is SW to
NE. Details on cross-shore annual shoreline positions are presented in Supplementary Materials S.9
(Figures 519-525).

Table A5. Annual rates of change and coastline classification results obtained for the Beach of Nahla.

Rate of Change LRR EPR Coastline CVI
Range (m/yr) (%) (%) Classification Ranking
<=2 N. A N. A Very high erosion Very high
<—1->-2 N. A 2.11 High erosion High
<0->-1 37.90 48.42 Moderate erosion Moderate
>0-<+1 48.42 48.42 Accretion

>+1 13.68 1.05 Moderate accretion Low
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Figure A6. Annual shorelines and the location of 76 points containing annual rate-of-change values
(LRR and EPR) and Net Shoreline Movement (NSM) for the Beach of Zenata. The points are labeled
from the NE (point 0) to the SW (point 75), with an interval of 30 m. For each point, annual rates
of change were calculated from 2000 to 2023. LRR revealed the coastline growth of about 3.4 m/yr
while EPR indicated the coastline growth of about 5 m/yr and a retreat of about —0.6 m/yr. The
NSM indicates that the direction of longshore transport is NE to SW. Details on cross-shore annual
shoreline positions are presented in Supplementary Materials S5.10 (Figures S26-530).

Table A6. Annual rates of change and coastline classification results obtained for the Beach of Zenata.

Rate of Change LRR EPR Coastline CVI
Range (m/yr) (%) (%) Classification Ranking
<=2 N. A N. A Very high erosion Very high
<—1->-2 N. A N. A High erosion High
<0->-1 N. A 10.53 Moderate erosion Moderate
>0-<+1 17.11 81.58 Accretion

>+1 8289 7.89 Moderate accretion 0%
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