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ABSTRACT

The city of Saidia is a coastal Mediterranean urban lowland characterized by concentrated population, tourism infra-
structure, and seasonal watercourses. This combination makes the city exposed to inundation. This study maps and
assesses pluvial and fluvial flood susceptibility across the coastal area of the city of Saidia using the analytic hierarchy
process (AHP) and geographic information system (GIS). Seven conditioning factors were selected and processed
as raster layers including elevation, slope, topographic wetness index (TWI), normalized difference vegetation index
(NDVI), distance to rivers, distance to roads, and drainage density. The pairwise comparison matrix obtained through
expert judgments produced factor weights dominated by TWI (0.28), distance to rivers (0.20), and slope (0.18). The
resulting map assigns 41.91% of the study area to the high and very high susceptibility classes. Moreover, the results
suggest that the high and very high susceptibility classes are concentrated along the national road, the Moulouya river
estuary, and the northern coastal plain where the urbanization occurs. The findings of this study offer valuable and
instrumental planning tools for land use control and drainage prioritisation in the city of Saidia.

Keywords: flood susceptibility, analytic hierarchy process, geographic information system, multi-criteria decision
analysis, coastal lowland, Saidia.

meanwhile multiplied the assets exposed to inun-
dation, a trend well documented along the Moroc-
can shoreline, where resort and marina develop-
ments have encroached on land that was once nat-
urally floodable (Aitali et al., 2020; Snoussi et al.,
2008). Continent-wide analyses confirm that this
trajectory is not confined to North Africa: flood-
ing across West Africa is likewise intensifying
as rainfall variability increases over rapidly ex-
panding floodplain settlements (Tramblay et al.,
2021, 2022), indicating that the exposure dynam-
ics documented here belong to a broader African

INTRODUCTION

Flooding is the most damaging natural hazard
across the Middle East and North Africa (MENA),
a region where arid and semi-arid rivers alternate
long dry spells with sudden torrential discharges
(Kantoush et al., 2022; Loudyi and Kantoush,
2020). Morocco is no exception: extreme pre-
cipitation along its Mediterranean margin is pro-
jected to intensify under climate change (Tram-
blay et al., 2012), and continental-scale analyses
of African catchments show that flooding across
the northern part of the continent is driven main-

ly by prolonged, excess rainfall rather than by
soil-moisture seasonality (Tramblay et al., 2021,
2022). The rapid expansion of coastal cities has
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pattern. Comparable evidence from West Africa
links increasing climate variability and shifting
precipitation regimes to growing exposure to
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climate stress in floodplain settlements of the Ni-
ger Delta (Odiana et al., 2026).

A wide methodological spectrum is available
for anticipating where floodwater will concen-
trate, the first step of any risk-reduction strategy,
ranging from physically based hydraulic simula-
tion to statistical and data-driven mapping (Ma-
ranzoni et al., 2023; Teng et al., 2017). Hydrody-
namic models produce depth and velocity fields,
but they require design discharges, fine terrain
models, and calibration data that most Moroc-
can municipalities simply do not have, and their
mapped domain is limited to reaches downstream
of a hydrological station (Bouchikhi et al., 2025).
Machine-learning classifiers relax some of these
requirements: they have already produced high-
resolution hazard maps for the nearby city of
Zaio (El Baida et al., 2024a, 2024c¢) and for vari-
ous urban settings elsewhere (Eini et al., 2020;
Norallahi and Kaboli, 2021; Shikhteymour et al.,
2023), while deep-learning surrogates now repro-
duce hydrodynamic outputs at a fraction of the
computational cost (El Baida et al., 2025b). All
of these approaches, however, depend on invento-
ries of observed flood locations, and the scarcity
or unreliability of such inventories in African ur-
ban settings is well documented (E1 Baida et al.,
2024b; Mudashiru et al., 2021b).

Throughout this study, the terms are used in
their standard sense: flood susceptibility is the in-
trinsic, magnitude-independent tendency of an area
to be inundated given its physical setting; flood
hazard adds the probability and intensity (depth,
velocity, frequency) of flooding; and flood risk
combines hazard with the exposure and vulnerabil-
ity of the elements at stake. The model developed
here maps susceptibility, not hazard or risk.

Multi-criteria decision analysis takes a dif-
ferent route: it substitutes structured expert judg-
ment for missing observations and can therefore
be applied wherever the conditioning factors can
be mapped (Mudashiru et al., 2021a). Within
this family, the analytic hierarchy process intro-
duced by Saaty (1977) remains the most widely
used scheme for flood zonation, since it converts
qualitative pairwise comparisons into ratio-scale
weights while offering a built-in check on the co-
herence of the judgments (Dungetal., 2022). It has
since been applied to data-scarce basins in India
(Ramkar and Yadav, 2021), combined with fuzzy
and statistical methods (Akay, 2021), extended
to tectonically active Mediterranean catchments
(Bathrellos et al., 2016; Skilodimou et al., 2025),

paired with frequency-ratio models in Pakistan,
Japan, and Ghana (Ashfaq et al., 2025; Elsadek
et al., 2024; Frimpong et al., 2026), and coupled
with machine learning (Deroliya et al., 2022).

Morocco itself has contributed a dense cluster
of case studies to this literature. In the Dades wadi
watershed of the Central High Atlas, an AHP—GIS
assessmentreached an area under the curve of 85%
(Aichi et al., 2024), while in the semi-arid Seyad
basin a flood hazard index classified 31.12% of
the territory as highly susceptible (Echogdali et
al., 2022). Closer to the present study area, along
the lower Moulouya corridor, AHP zoning has
been confronted with two-dimensional hydraulic
modelling at Driouch (El Hadri et al., 2025), vali-
dated against reported flood locations at greater
Berkane, where it retained 80.74% of events
within its high and very high classes (Zerhoudi
et al., 2026), and combined with hydrodynamic
simulation at Oued Merzeg near Casablanca to
reveal settlements lying outside the officially pro-
tected zones (Bouchikhi et al., 2025). Together,
these results suggest that a carefully weighted
multi-criteria scheme can deliver planning-grade
susceptibility maps precisely where discharge re-
cords and flood inventories are lacking.

The eastern Mediterranean coast of Morocco
has been identified as one of the national sec-
tors most vulnerable to flooding and sea-level
rise (Snoussi et al., 2008), and the Saidia resort
complex in particular has been singled out as a
case of construction advancing onto flood-prone
ground (Aitali et al., 2020). This study addresses
that gap through four objectives: (i) assembling
a consistent seven-factor geodatabase over the
Saidia coastal area; (ii) deriving AHP weights
from a pairwise comparison matrix anchored in
the regional literature and verifying their internal
consistency; (iii) producing a five-class pluvial
and fluvial susceptibility map through weighted
overlay and natural-breaks classification; and
(iv) comparing the resulting zoning with the
recent body of Moroccan case studies. Nature-
based orientations for the most exposed sectors
are discussed as well, in line with the mitigation
pathways already evaluated for the region under
climate-change forcing (El Baida et al., 2025a).
In this framing, the contribution is a regional-
scale planning framework for flood-susceptibility
assessment in a data-scarce Moroccan coastal
environment, supported by cross-comparison
with independent hydraulic studies, rather than a
methodological advance in AHP itself.
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STUDY AREA

Geographic setting

The study area covers approximately 71 km? at
the eastern end of the Trifa plain, in Berkane prov-
ince (Oriental Region, northeastern Morocco), and
includes the seaside town of Saidia along with its
agricultural and peri-urban surroundings. The Trifa
plain is bounded by the Ouled Mansour hills and
the Mediterranean shoreline to the north, the Beni
Snassen mountains to the south, the Moulouya Riv-
er and its tributary Cherraa to the west, and Oued
Kiss, which marks the Algerian border, to the east
(Fetouani et al., 2008). Within the modelled grid,
elevation drops from about 181 m on the first south-
ern foothills to sea level along the shore, and much
of the coastal plain sits below 20 m. Slopes exceed
30° only on the southern reliefs and stay below a
few degrees over most of the plain, a configuration
that favours the ponding of surface water once it
leaves the incised upstream channels (Figure 1).

Geology and geomorphology

The Trifa plain constitutes a basin set with-
in the north-eastern Moroccan foreland that is
bounded to the south by the Beni Snassen massif
and by Kebdana mountains in the north-west; the
main faults governing this structural arrangement

have been delineated through gravimetric survey-
ing in previous studies (Chennouf et al., 2007).
The basin infill consists of Mio-Pliocene and
Quaternary continental deposits (alluvial silts,
red clays, lacustrine limestones and conglomer-
ates) resting upon folded Jurassic carbonate series
that crop out in the bordering reliefs (El Idrysy
and De Smedt, 2006; Sardinha et al., 2012). The
marly and clayey piedmont formations restrict
infiltration and promote surface runoff, such that
precipitation falling on the Beni Snassen slopes is
transmitted rapidly onto the plain; investigations
into salinisation processes corroborate the closed,
low-gradient character of the northern sub-ba-
sins, where drainage remains notably diminished
(Boughriba et al., 2006). The coastline is config-
ured as a sandy, dune-backed accretionary system
historically nourished by Moulouya-derived al-
luvium. Dam construction within the catchment
has reduced fluvial sediment delivery by ap-
proximately half, and the consequent erosional
readjustment of the shoreline has been further
exacerbated by resort and marina development
undertaken over the past two decades (Aitali et
al., 2020; Snoussi et al., 2002) (Figure 2).

Climate and hydrology

The study area is characterized by a semi-
arid Mediterranean climate, which consists of
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Figure 1. Geographic situation of the study area (Berkane Province, northeastern Morocco)
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Figure 2. Geomorphology of the study area

dry summers and a modest rainfall total concen-
trated between autumn and early spring, and an
irregular year-to-year regime in which a large
share of the annual rainfall falls in limited in-
tense events (Fetouani et al., 2008; Tramblay et
al., 2012). Surface hydrography combines two
systems operating at very different scales. The
river of Moulouya is the longest river in Moroc-
co, and completes its roughly 600 km course in
a Mediterranean estuary in the west of Saidia; its
flow is now heavily regulated by upstream dams
(Snoussi et al., 2002). The plain itself is crossed
by short ephemeral streams that drain the Beni
Snassen mountains toward the sea; these remain
dry most of the year but exhibit torrential behav-
iour during heavy rainfall periods. Flash floods
have repeatedly impacted the neighbouring ur-
ban areas of the lower Moulouya corridor, with
damaging events recorded at Berkane in 2004,
2010, 2013, 2019, and 2025 (Afif et al., 2025;
Zerhoudi et al., 2026). Urbanisation along the
shoreline and the main road corridors has pro-
gressively sealed the soil surface, shortening
concentration times and overwhelming a storm-
water network that was never sized for the cur-
rent impervious extent; similar dynamics have
been documented at Zaio and Driouch (El Baida
et al., 2024a; El Hadri et al., 2025). Finally, the
low elevation of the plain exposes its seaward
fringe to marine flooding, a component already
identified as critical for this stretch of the Moroc-
can coast under sea-level-rise scenarios (Snoussi
et al., 2008) (Figure 3).

MATERIALS AND METHODS

Conditioning factors and geodatabase

Seven conditioning factors were selected
for their documented influence on flood occur-
rence in semi-arid Mediterranean catchments
and for their availability across the study area
(Dung et al., 2022; El Hadri et al., 2025). All
layers were prepared as GeoTIFF rasters in
the WGS84 / UTM zone 30N reference sys-
tem (EPSG:32630) and co-registered by bilin-
ear resampling onto a common 8 m grid before
analysis. Table 1 summarises the factors, their
native characteristics, and the hydrological
reasoning behind their inclusion, and Figure 4
shows the corresponding spatial layers. Geo-
spatial workflows of this type, combining DEM
derivatives and remote-sensing products with-
in a common raster framework, are standard
practice in the AHP-based flood-susceptibility
literature reviewed above (Dung et al., 2022;
El Hadri et al., 2025). The elevation layer was
obtained from the 8 m digital elevation model
provided by the Agence du Bassin Hydraulique
de la Moulouya (ABHM); this DEM is natively
delivered at 8 m and therefore defines the com-
mon analysis grid onto which the other layers
(distance rasters, drainage density, and NDVI)
were co-registered, rather than being itself resa-
mpled from a coarser source. The NDVI layer
was derived from Landsat 8/9 OLI imagery ac-
quired on 25 September 2023, at its native 30
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Figure 3. Moulouya basin with delineated sub-catchments
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Figure 4. Methodology flowchart

m resolution, and resampled bilinearly onto the
common 8 m grid; vegetation cover varies far
more smoothly in space than terrain attributes,
so this oversampling introduces no artificial spa-
tial detail, and the 3.3% weight of NDVI bounds
the influence of any residual resampling artefact
on the final index. Comparable remote-sensing
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and terrain-analysis workflows have been ap-
plied to water-resource assessment, for instance
in reservoir volume and 3-D topography studies
(Khan and Lahori, 2024).

Table 1 — Conditioning factors used for the
susceptibility assessment. The DEM (and its slope,
TWI, distance-to-river, and drainage-density
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derivatives) and the road network were provided by
the Agence du Bassin Hydraulique de la Moulouya
(ABHM); the river/wadi network was extracted
automatically from the DEM by flow-accumula-
tion analysis; NDVI was derived from Landsat 8/9
OLI imagery acquired on 25 September 2023.
Elevation and slope control two comple-
mentary processes: elevation governs the grav-
itational convergence of surface water toward
the lowest parts of the plain (Fan et al., 2019;
Gnann et al., 2025), while slope governs the ve-
locity of overland flow, as steep gradients gen-
erally generate large peak discharges (Asfaha et
al., 2015) while low and flat gradients instead
promote stagnation and delay natural drainage
(Armenakis and Nirupama, 2014). The topo-
graphic wetness index is calculated as TWI =
In(a / tan B), where a is the specific contribut-
ing area and P the local slope angle (Beven and
Kirkby, 1979). TWI combines both effects into
a single saturation-potential descriptor whose
value for flood-prone land-use planning and plu-
vial flood detection is well established (Kelle-
her and McPhillips, 2020; Pourali et al., 2016).
NDVI captures the moderating role of vegeta-
tion, since land cover changes are known to al-
ter soil infiltration capacity (Sun et al., 2018).
Distance to river network reflects the direct
exposure of each cell to channel overflow. The
distance-to-rivers layer was computed from the
complete mapped channel network, including
ephemeral channels: in the semi-arid regime of
the study area, the ephemeral wadis draining the
Beni Snassen piedmont are the dominant flood
conveyors, and restricting the network to peren-
nial reaches, essentially the terminal Moulouya,
would remove the very channels responsible for
most recorded flood damage in the region (Ze-
rhoudi et al., 2026), a factor consistently used
in both data-driven and multi-criteria studies

(Hasanuzzaman et al., 2023; Ozay and Orhan,
2023). Distance to roads captures the contri-
bution of sealed linear infrastructure to runoff
production and conveyance; the relationship be-
tween roads and inundation runs in both direc-
tions, with roads amplifying flood propagation
and floods, in turn, triggering road-network fail-
ure (Dong et al., 2022; Vu et al., 2024). Drain-
age density, finally, reflects how channelised
the surface is and correlates with how quickly
rainfall reaches the plain (Tehrany et al., 2015).

Analytic hierarchy process

the scale (Saaty, 1977). The comparison
matrix used here (Table 2) adapts to the Saidia
setting the judgment structure calibrated for the
neighbouring Berkane area (Zerhoudi et al.,
2026), restricted to the seven factors available
over the present study area. Saidia and Berkane
belong to the same lower-Moulouya corridor and
share the same semi-arid flash-flood regime and
low-gradient terminal-plain physiography, so the
judgment structure transfers reasonably; the ma-
trix was adapted to the locally available factors
and re-checked for consistency, not copied. TWI
and distance to rivers were treated as the primary
flood-generation descriptors; elevation and slope
received moderate dominance values, reflect-
ing their role as topographic controls partly em-
bedded in the TWI formulation; and distance to
roads, drainage density, and NDVI were handled
as secondary modulating factors.

Weights were obtained by normalising each
column of the matrix to unit sum and averag-
ing the normalised entries across each row. The
coherence of the judgment set was checked
through the consistency index CI = (Amax — n)/
(n — 1), where Amax is the principal eigenval-
ue and n = 7 the number of criteria, and the

Table 1. Conditioning factors used for the susceptibility assessment

Factor Derived from Cell size Rationale
Elevation (0-181 m) Digital elevation model 8m Low-lying terrain concentrates surface water
Slope (0-75.4°) DEM derivative 8m Gentle gradients favour stagnation and ponding
TWI (0.8-25.3) DEM derivative 8m Quantifies topographic saturation potential
NDVI (-0.21-0.51) Satellite imagery 30m Vegetation cover conditions infiltration
Distance to rivers (0-708 m) Hydrograp_h ic network 8m Direct exposure to channel overflow

(Euclidean)

Distance to roads (0-2276 m) Road network (Euclidean) 8m Sealed corridors accelerate and convey runoff
Drainage density . . .
(0-7.5 km/km?) Hydrographic network 8m Channel concentration governs runoff delivery
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Table 2. Pairwise comparison matrix (DR: distance to rivers; DRo: distance to roads; DD: drainage density;

El: elevation; SI: slope)

Factor TWI El Sl NDVI DR DRo DD
TWI 1 2 3 7 1 3 5
Elevation 112 1 1 5 1 1 5
Slope 13 1 1 5 1 3 5
NDVI 117 1/5 1/5 1 117 1/5 1
Distance to rivers 1 1 1 7 1 3 3
Distance to roads 1/3 1 113 5 13 1 1
Drainage density 1/5 1/5 1/5 1 1/3 1 1

consistency ratio CR = CI/RI, with RI = 1.32
as the random index for a seven-by-seven ma-
trix. The computation gives Amax = 7.379, CI =
0.063, and CR = 0.048, well below the 0.10 ac-
ceptance threshold, so the matrix was kept with-
out revision. A low consistency ratio confirms
the coherence of the judgments but not their
correctness. To test robustness, a one-at-a-time
sensitivity analysis was performed: the weights
of the two dominant factors (TWI and distance
to rivers) were perturbed by £10% and +20%,
the weight vector renormalised, and the FS sur-
face and class areas recomputed; the combined
high and very-high area across all scenarios, in-
dicating a robust zoning.

Reclassification and weighted overlay

Each factor layer was split into five ranks
using class thresholds defined by the research
team on the basis of expert judgment, drawing
on the hydrological literature, the reference
studies of the lower Moulouya corridor, and
field knowledge of the study area. Rank 5 was
assigned to the conditions most favourable to
inundation: high values for TWI and drainage
density, and low values for elevation, slope,
NDVI, and both distance factors. The flood sus-
ceptibility index FS was subsequently calculat-
ed as the weighted linear combination FS = X
Wi Xi, where Wi is the AHP weight of factor
i and Xi its local rank. The continuous FS sur-
face was then reclassified into five susceptibili-
ty levels, from very low to very high, using the
same expert-threshold approach (El Hadri et al.,
2025; Zerhoudi et al., 2026). Raster operations
were carried out in a GIS environment (ArcGIS)
and in Python using the rasterio library. Ex-
pert-based thresholds were preferred to pure-
ly statistical schemes such as equal intervals,
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quantiles, or natural breaks: the former impose
arithmetic or area-equalizing cuts that ignore
the hydrological meaning of each factor, where-
as expert thresholds allow the class limits to
be aligned with physically interpretable ranges
(e.g. near-channel distance bands, low-gradi-
ent slope classes, saturation-prone TWI values)
and to remain consistent with the class structure
adopted in the regional reference studies, which
preserves the comparability of the class propor-
tions discussed below. It is acknowledged that
expert thresholds carry a degree of subjectivity;
this is examined through the sensitivity analysis
presented in the following subsection.

Sensitivity analysis of the AHP weights

Since the judgment structure is transferred
from a neighbouring setting, and since inter-
nal consistency (CR = 0.048) does not by itself
demonstrate the correctness of the encoded as-
sumptions, a one-at-a-time (OAT) sensitivity
analysis was performed on the two dominant
weights. The weights of TWI and distance to
rivers were perturbed by plus or minus 10% and
20%, the six remaining weights being renormal-
ized proportionally so that the vector retains a
unit sum. For each of the eight scenarios, the
susceptibility index was recomputed, reclas-
sified into five classes using the same expert
thresholds, and compared with the reference
map through (i) the areal share of each class
and (ii) the Spearman rank correlation of the
continuous index. One-at-a-time perturbation
was preferred at this stage because it isolates
the influence of each dominant weight and di-
rectly answers the transferability question; a
full Monte Carlo AHP, sampling the judgment
matrix itself, is discussed as a perspective in the
limitations section.
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RESULTS AND DISCUSSION

Factor weights

The weight vector (Table 3, Figure 5) is
dominated by the topographic wetness index
(0.280), followed by distance to rivers (0.202),
slope (0.179), and elevation (0.162); distance
to roads (0.094), drainage density (0.050), and
NDVI (0.033) round out the ranking. The low
weight of drainage density reflects its partial col-
linearity with the topographic wetness index and
distance-to-rivers, which already capture channel
concentration, so treating it as a secondary fac-
tor avoids double-counting this signal. Saturation
potential and channel proximity together account
for almost half of the total weight, which fits the
flash-flood regime of the area: damaging events
stem from the rapid delivery of upstream runoff
onto a flat plain, where topographic depressions
and channel margins are the first areas to be sub-
merged. The weight given to TWI matches stud-
ies that use the index on its own as a delineator of
flood-prone ground (Pourali et al., 2016), while
the low weight assigned to NDVI reflects the lim-
ited buffering capacity of sparse semi-arid veg-
etation against short, intense rainfall bursts.

Flood susceptibility zoning

The susceptibility map (Figure 6) shows a
clear north—south gradient. The high and very high
classes together cover 29.7 km?, or 41.91% of the
study area (Table 4, Figure 7), forming a nearly
continuous belt over the northern coastal plain,
where four conditions overlap: elevations close to
sea level, near-zero gradients, dense convergence
of the terminal drainage network, and the sealed
corridors of the urban and road fabric. Within this
belt, the very high class (15.65%, 11.1 km?) fol-
lows the immediate margins of the watercourses

and the low-lying urbanised pockets, while the
high class (26.26%, 18.6 km?) extends over the
adjacent flats. The moderate class (26.01%) occu-
pies the transitional glacis between the plain and
the first slopes. The southern reliefs, with steeper
gradients, greater distances from channels, and
higher elevations, hold most of the low and very
low classes (32.09% combined); the very low
class alone is marginal (12.24%), which confirms
that most of the territory carries at least a moderate
predisposition to inundation (Figure 8).

Sensitivity of the zoning to weight
perturbations

Table 5 summarizes the sensitivity results.
Across the eight perturbation scenarios, the com-
bined extent of the high and very high classes
ranges from 40.71% to 43.18%, i.e. a maximum
departure of 1.27 percentage points from the ref-
erence value of 41.91%, and the rank correlation
of the perturbed index with the reference surface
never falls below 0.996. The spatial pattern of the
zoning - the concentration of the upper classes on
the northern coastal plain - is preserved in all sce-
narios. The map is therefore robust to plausible
variations of the expert weights, which addresses
the uncertainty introduced by the transfer of the
judgment structure from the Berkane setting.

Regional consistency and planning
implications

The class structure obtained at Saidia is close to
what has been reported for greater Berkane, where
39.23% of the territory fell in the high and very
high classes under a comparable eight-factor AHP
scheme (Zerhoudi et al., 2026); the slightly larger
exposed share found here (41.91%) fits the flatter,
more coastal character of the Saidia plain. It de-
parts, on the other hand, from the 31.12% obtained

Table 3. AHP weights and susceptibility direction of the conditioning factors

Rank Factor Weight (Wi) Weight (%) Hazard direction
1 TWI 0.2801 28.0 Increasing
2 Distance to rivers 0.2017 20.2 Decreasing
3 Slope 0.1790 17.9 Decreasing
4 Elevation 0.1624 16.2 Decreasing
5 Distance to roads 0.0944 9.4 Decreasing
6 Drainage density 0.0499 5.0 Increasing
7 NDVI 0.0325 3.3 Decreasing
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Figure 6. Factor weights derived from the pairwise comparison matrix

with a flood hazard index in the semi-arid Seyad  plain. The dominant role of river proximity echoes
basin (Echogdali et al., 2022), a difference attribut- the findings at Driouch, where distance to the
able both to the distinct weighting scheme and to channel emerged as the main explanatory factor of
the geomorphological contrast between an inland  flood hazard (El Hadri et al., 2025), and the con-
ephemeral-wadi basin and a coastal accumulation centration of the highest classes along an urbanised
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Figure 7. Flood susceptibility over the Saidia coastal area: continuous index (left)

e AHP - 5 classes de risque (Jenks)

and five-class natural-breaks zoning (right)

Table 4. Areal distribution of the susceptibility classes

Tres elevee

Elevee

Moderee

Faible

Tres faible

Class Susceptibility level Area (km?) Area (%) Cumulative (%)
1 Very low 8.7 12.24 100.00
2 Low 141 19.85 87.76
3 Moderate 18.5 26.01 67.91
4 High 18.6 26.26 41.91
5 Very high 1.1 15.65 15.65
i Spatial distribution of risk classes Areas by class (km?)
26.01% 26.26% 5Tt Yery High
251 \ N
S5 19.85%
Low
S 15.65% 14.1 km?
315
< 12.24% High
' 18.6km?
104 4

Very Low

Low Moderate Hi‘gh

Very High

Moderate
18.5 km?

Figure 8. Surface distribution of the susceptibility classes, in percentage (left) and square kilometres (right)

Table 5. One-at-a-time sensitivity of the class-area shares (%) to £10% and +20% perturbations of the TWI and
distance-to-rivers weights

Scenario Very low Low Moderate High Very high | High + Very high | A(pts) | Spearman p
Reference 12.24 19.85 26.01 26.26 15.65 41.91 0.00 1.000
TWI -20% 12.88 18.41 25.53 27.03 16.15 43.18 +1.27 0.996
TWI -10% 12.57 19.22 26.33 26.61 15.27 41.89 -0.02 0.999
TWI +10% 12.92 20.37 26.01 24.80 15.91 40.71 -1.19 0.999
TWI +20% 13.02 20.51 2415 25.61 16.72 42.32 +0.42 0.997
Dist. rivers =20% 12.89 19.54 24.63 26.27 16.67 42.94 +1.04 0.997
Dist. rivers =10% 12.81 20.13 25.99 25.14 15.93 41.07 -0.84 0.999
Dist. rivers +10% 12.25 19.21 26.59 26.28 15.67 41.94 +0.04 0.999
Dist. rivers +20% 11.59 18.98 26.28 27.46 15.69 43.15 +1.24 0.997
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shoreline mirrors the pattern documented for the
coastal reach of Oued Merzeg (Bouchikhi et al.,
2025). Together with the Zaio case, where ma-
chine-learning hazard maps likewise identified the
riverside residential fabric as the critical exposure
hotspot (El Baida et al., 2024a), these results point
to a regional signature of the lower Moulouya
corridor: urban growth pressing against ephem-
eral channels on low-gradient plains, a trajectory
already flagged for the Saidia resort development
itself (Aitali et al., 2020).

For planning purposes, the map identifies the
northern belt as the priority area for three types of
measures: strict control of new construction within
the very high class, upgraded stormwater capacity
along the road corridors flagged by the distance-
to-roads factor, and progressive deployment of
nature-based retention and infiltration solutions on
the still-unsealed parcels of the high class. Green
measures of this kind have proven effective in
Mediterranean peri-urban catchments (Ferreira et
al., 2020), have been reviewed for urban pluvial
settings more broadly (Huang et al., 2020), and
have been quantified for the present region under
climate-change scenarios (El Baida et al., 2025a);
land-use—flood coupling studies further confirm
the protective role of vegetated cover (Sun et al.,
2018). The continuous FS surface produced by
this work lets planners refine class boundaries lo-
cally without re-running the full analysis. These
measures also underscore the value of integrated
watershed management and stormwater-infra-
structure planning for reducing hydrological risk
in rapidly developing regions (Noor et al., 2025)

Spatial consistency with previous studies

Before comparing the present zoning with the
earlier studies of the Saidia area, a methodological
caution is in order. Hydraulic models simulate the
depth and extent of specific flood scenarios, and
inventory-validated hazard maps are benchmarked
against observed events; the susceptibility index
produced here estimates a time-invariant physical
predisposition. Agreement between these products
is therefore a spatial consistency assessment - en-
couraging, but not equivalent to validation, which
will only become possible once a local flood inven-
tory is compiled.

The main aim of this study is to characterise
flood susceptibility zoning for Saidia City using a
GIS-based AHP approach. The results show marked
vulnerability in several sectors: the Moulouya
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riverbank and its surroundings, the urban fabric,
and the green spaces of the coastal plain.

Grari (2019) laid the groundwork with a nu-
merical characterisation of the hydrological haz-
ard, using flow—duration—frequency (QdF) curves
fitted to the Safsaf gauge and monofrequency
synthetic hydrographs; this work captured the
macro-scale discharge behaviour of the lower
Moulouya and the effect of rapid urban expansion
on the protective structures. Building on this, and
moving from a macro-hydrological scale to a site-
specific physical one, Jouamaa et al. (2024) ran a
two-dimensional hydraulic simulation with IBER
software, driven by the resulting 50-year hydro-
graph and built on a high-resolution 1 m digital
terrain model (DTM); crossing the water-depth
and water-velocity fields showed that the Mou-
louya River is the dominant driver of flooding and
that the urbanised belt is the most vulnerable area.
The present paper takes a different route, adding a
macro-territorial management dimension through
spatial multi-criteria susceptibility mapping and
zone classification. Rather than focusing on flow
hydrodynamics or localised structural overflows,
it maps the predisposition of the whole territory
to inundation, offering a planning-grade zoning
that complements, and can be checked against,
the two physically-based studies that preceded it.

A first-order cross-validation follows directly
from this complementarity. For the 50-year event,
the peak characteristic daily discharge of the low-
er Moulouya estimated by Grari (2019) reaches
about 2340 m’/s at Safsaf; propagated through
the 1 m IBER model, this discharge produced
water depths of 1.33-3.08 m and velocities up to
1.74 m/s over a flooded footprint of 14.46 km?,
of which 7.78 km? (53.8%) fell in the high-hazard
class (Jouamaa et al., 2024). The spatial pattern of
that hydraulically modelled inundation, concen-
trated along the Moulouya estuarine riverbank,
the terminal drainage network, and the low-lying
urbanised pockets of the northern coastal plain,
coincides closely with the belt classified here as
high and very high susceptibility (41.91% of the
71 km? domain), which occupies the same near-
sea-level, low-gradient sectors. Because the two
approaches rest on entirely independent inputs,
measured discharge and terrain hydraulics on one
side, expert-weighted conditioning factors on the
other, their agreement on the location of the criti-
cal exposure hotspot amounts to an independent
spatial consistency assessment of the susceptibili-
ty pattern in the absence of a local flood inventory.
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The remaining differences are expected and can be
explained: the AHP high and very high area (=29.7
km?) exceeds the single-event modelled footprint
(14.46 km?) because susceptibility expresses a
magnitude-independent predisposition rather than
the extent of one 50-year flood, and because the
AHP domain also captures ephemeral-stream and
pluvial contributions that fall outside the strictly
fluvial IBER reach. Combined with the class pro-
portions already shown to match the neighbour-
ing Berkane (39.23%) and lower-Moulouya as-
sessments, this convergence is encouraging and
increases confidence in the susceptibility pattern,
pending the future compilation of a georeferenced
flood inventory for formal quantitative validation.

Limitations and perspectives

The main limitation of the present assessment
is the lack of a georeferenced inventory of ob-
served flood locations over the study area, which
rules out the kind of quantitative validation ap-
plied in neighbouring studies through cumulative
flood-point statistics (Bouchikhi et al., 2025; Zer-
houdi et al., 2026). The judgment matrix, there-
fore, reflects transferred expertise rather than
locally verified judgment. Two extensions serve
as potential future prospects: first, validating the
mapped results against a historical flood invento-
ry from press archives, satellite imagery, and field
surveys, which would allow presence-only vali-
dation and support the training of complementary
machine learning models (El Baida et al., 2024b;
Norallahi and Kaboli, 2021). Second, incorporat-
ing coastal drivers such as marine submersion,
wave setup, and shallow groundwater is specific
to shoreline municipalities and particularly war-
ranted here, since the eastern Mediterranean coast
of Morocco ranks among the national segments
most vulnerable to sea-level rise (Snoussi et al.,
2008) and the local dune system has already been
destabilised by recent development (Aitali et al.,
2020; Snoussi et al., 2002).

Beyond the absence of a local flood invento-
ry, four sources of uncertainty affect the final map
and deserve explicit acknowledgement. The first
is the expert judgment encoded in the pairwise
matrix: the weights are transferred from a neigh-
bouring setting, and although internally consis-
tent (CR = 0.048), they remain assumptions; this
source is the only one amenable to direct quantifi-
cation here, and the OAT analysis shows that the
zoning pattern is robust to plus or minus 10-20%

variations of the two dominant weights. The
second is factor selection: the seven-factor set
characterizes pluvial and fluvial processes only,
and the exclusion of marine drivers means that
total flood predisposition is bounded from below
along the seaward fringe; groundwater conditions
are likewise absent. The third is the heterogeneity
of native raster resolutions, dominated by the 8
m topographic grid but including a 30 m vegeta-
tion index whose low weight (3.3%) bounds its
influence. The fourth is the classification scheme:
the class boundaries were set by expert judgment
rather than by a calibrated hydrological criterion,
so the class limits - though not the underlying con-
tinuous index, which is distributed with this work
— carry a degree of subjectivity. A Monte Carlo
propagation of weight uncertainty, sampling the
pairwise judgments rather than perturbing the ag-
gregated weights, is identified as the natural next
step once a local flood inventory allows the re-
sulting probability envelopes to be benchmarked.

CONCLUSIONS

This paper aims to map pluvial and fluvial
flood susceptibility in the coastal lowland city of
Saidia using AHP and GIS. The resulting flood sus-
ceptibility map classifies 41.91% of the study area
as highly to very highly susceptible. These suscep-
tible zones correspond to areas where urbanisation,
road corridors, and the Moulouya riverbank coin-
cide with the terminal drainage network. The spa-
tial pattern and class percentages align with recent
multi-criteria and machine learning assessments
along the lower Moulouya corridor, supporting the
transferability of the approach across data-scarce
settings of northeastern Morocco and the one-at-a-
time sensitivity analysis indicates that the zoning
pattern is robust to plus or minus 10-20% varia-
tions of the dominant AHP weights. For planning
purposes, the northern belt is designated as the
priority zone for three targeted measures: strictly
controlling new construction in the very high class
areas, upgrading stormwater network capacity
along critical road corridors, and progressively de-
ploying nature-based retention and infiltration so-
lutions on remaining unpaved parcels of the high
class. The zoning is an immediately usable plan-
ning document; consolidating it requires building
a local flood inventory, hydrodynamic verification,
and consideration of the marine flooding compo-
nent specific to this coastal setting.
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