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Abstract

Background: The Atlantic Coast of Morocco is prone to tsunami inundation. Therefore, in this region, earthquake-
induced tsunami hazard has been intensively investigated leading to the development of a number of coastal inundation
models. However, tsunami vulnerability remains not well understood to the same extent as the hazard. In this study, we
use high-resolution numerical modeling, detailed field survey and GIS-based multi-criteria analysis to assess the building
tsunami vulnerability and its sensitivity to the tide variations. Asilah located in the northwestern Atlantic coast of
Morocco, where the impact from the 1755 tsunami is well documented, constitutes the area of this study.

Results: To model the source-to-coast tsunami processes we used the COMCOT (Cornell Multi-grid Coupled Tsunami
Model) numerical code on a set of bathymetric/topographic grid layers (640 m, 160 m, 40 m and 10 m resolutions)
with an initial sea-surface perturbation generated using Okada’s formulae and assuming an instantaneous seabed
displacement. The tsunami source models in this study correspond to four 1755-like earthquake scenarios. Results
show that Asilah’s built environment is highly vulnerable to the tsunami impact that can range from 1.99 to 2.46 km2

of inundation area, depending on the source and the tidal level considered. The level of building vulnerability
decreases considerably when moving away from Asilah’s coastline. Moreover, the variation in the tidal level introduces
large change in the modeled tsunami impact and, therefore, affects the level of building vulnerability.

Conclusion: Thus, we suggest considering the effect of the tide when simulating tsunami hazard and vulnerability,
particularly, in coasts where tidal variations are significant. This study provides hazard and vulnerability maps that can
be useful to develop the tsunami awareness of the Moroccan coastal population.
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Background
The study and the understanding of coastal hazards are
a fundamental aspect of most modern societies. Extreme
hazard events, such as tsunamis, even though rare, are
being considered as major threats to coastal regions.
Moreover, as a direct consequence to the increasing
occupation of coastal areas, the cost related to natural
hazard has been dramatically increased (Adger et al.
2005). On the other hand, the population is still lack the

awareness regarding such events until they happen.
Tsunami waves are generally devastating as they cause
significant damage to both off- and on-shore goods, high
erosion of beaches and even, in some cases, catastrophic
loss of human life. The Northern Atlantic shore of Af-
rica may not account among the most hazardous coasts
because tsunamis are rare in the region. However, tsu-
nami remains a real threat along the Moroccan coast as
testified by historical events such as the November 1st
1775 tsunami (El Mrabet 1991; Baptista et al. 1998;
Nevio Zitellini et al. 2001; Marc-André Gutscher 2004;
Kaabouben et al. 2009; L. M. Matias et al. 2013).* Correspondence: said.elmoussaoui@gmail.com
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A detailed analysis of historical collections and
archives of the 1755 tsunami has been achieved by nu-
merous researchers (Blanc 2008; Baptista and Miranda
2009; Blanc 2009; Kaabouben et al. 2009). These analyses
demonstrated that the northwest tip of the Atlantic coast
of Morocco is prone to tsunami impact from the earth-
quake sources located in the SWIM region (Blanc 2008;
Blanc 2009; Kaabouben et al. 2009). The historical records
mention an extreme impact of the 1755 tsunami on the
city of Asilah, with waves surging the fortifications, which
suggest a run-up of at least 15 m. They also describe waves
penetrating up to 2 km inland. However, Omira et al.
(2012), using tsunami numerical simulations, show that at
some locations along the coast of Morocco the historical
reports may overestimated the tsunami impact.
The November 1st 1755 earthquake and tsunami

remain the largest natural disaster in the South West
Iberian Margin (SWIM) for the last 500 years, in terms
of loss of lives and destruction (Baptista and Miranda
2009; Kaabouben et al. 2009). It is also one of the only
destructive events described in detail by historical docu-
ments in this area (El Mrabet 2005; Kaabouben et al.
2009). The shaking of the 1755 earthquake was felt all

over the Iberian Peninsula, Morocco, and as far as
Hamburg, the Azores and Cape Verde Islands (Martínez
Solares et al. 1979). Recent evaluation of the earthquake
magnitude proposes an Mw = 8.5 ± 0.3 (Martínez Solares
and Arroyo 2004). The tsunami waves caused massive
destruction in the southwest Iberian Peninsula and
Northwest Morocco (Baptista et al. 1998; El Mrabet
2005; Kaabouben et al. 2009). Historical documents,
mainly the manuscript of Soyris (1755), described in de-
tails the waves along the coasts of Morocco, Portugal
and Spain, mentioning tsunami run-ups as high as 15 m
and wave height of 24 m in some locations (Blanc 2008;
Kaabouben et al. 2009).
Although the 1755 tsunami has been studied in detail

(El Mrabet 2005; Blanc 2008; Mhammdi et al. 2008;
Baptista and Miranda 2009; Blanc 2009; Kaabouben et
al. 2009; Medina et al. 2011; El Talibi et al. 2016), the
very low frequency of such events limits tsunami hazard
assessment and countermeasure preparations.
The Tangier-Asilah region (northwest Morocco, see

Fig. 1 for location) has an increasingly growing popula-
tion especially towards its coast (RGPH 2014). The tec-
tonic context and the historical data both suggest a high

Fig. 1 Study area: (a) regional overview of the North East Atlantic area and the location of Asilah site in the Strait of Gibraltar, (b) Local overview
of the location of Asilah site, (c) study area including the harbor, the city beach and principal locations in Asilah
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susceptibility of the region to tsunami hazard (Cherkaoui
and El Hassani 2012). Therefore, a robust strategy to
mitigate the consequences of a future tsunami impact
on the infrastructure in this area is strongly required.
Risk assessment plays an important role in designing
strategies for disaster risk reduction and response. Haz-
ard and vulnerability are the main components of any
comprehensive risk assessment. For the tsunami
phenomenon, the hazard assessment along a threatened
coast is often covered by numerical modeling of the
resulting inundations through the deterministic method
(Tinti and Armigliato 2003; Tinti et al. 2005; Løvholt et
al. 2006; Baptista et al. 2011; Omira et al. 2011; Omira et
al. 2013) or the probabilistic analysis (González et al.
2009; Omira et al. 2016). In addition, vulnerability study
is trans-disciplinary and multi-dimensional, covering
social, economic, physical, political, engineering and
ecological aspects and dimensions (Post et al. 2009).
In the aftermath of the Indian Ocean 2004 tsunami, ef-

forts have been made to develop vulnerability assessment
models for different types of exposure (Dominey-Howes
and Papathoma 2007; Omira et al. 2010). Most works
address the vulnerability of buildings using empirical
fragility functions and damage curves. Data collected dur-
ing post-tsunami field surveys were crucial to establish the
relationship between the observed damage level and tsu-
nami flow depth and/or current velocity (Reese et al. 2007;
Dias et al. 2009; Leone et al. 2011; Suppasri et al. 2012;
Suppasri et al. 2013). Furthermore, Valencia et al. (2011)
developed, in the framework of SCHEMA (SCenarios for
Hazard-induced Emergencies MAnagement) EU project
(FP6, no. 030963), a new approach to assess tsunami vul-
nerability through deriving fragility functions and damage
curves for the European-Mediterranean coastal buildings.
This methodology was applied to assess the expected
buildings tsunami damage in the SCHEMA test-sites
(Atillah et al. 2011; Renou et al. 2011; Valencia et al.
2011). Alternative GIS-multi-criteria-based methods were
also proposed to qualitatively estimate the expected tsu-
nami damage and the corresponding vulnerability level for
coastal buildings under tsunami impact (Papathoma et al.
2003; Omira et al. 2010).
From source to coast, tsunami waves can be affected

by several factors, observations have shown that
tsunamis form long wave trains that persist over several
tidal cycles (Miller et al. 1962; Van Dorn 1984; Van Dorn
1987; Mofjeld et al. 2000; Mofjeld et al. 2007). Weisz
and Winter (2005) affirms that theoretically tidal vari-
ation can influence the speed and magnitude of tsunami
waves in shallow regions. Furthermore, numerical exper-
iments have illustrated that the nonlinear interaction
between tides and tsunamis in shallow water becomes
very significant, while the linear superposition of sea sur-
face heights from separate tide and tsunami simulations

is still valid in deep water (Kowalik et al. 2006; Androsov
et al. 2010). Another conclusion, based on previous ide-
alized and regional studies, was drew by Kowalik and
Proshutinsky (2010), stating that the nonlinear interac-
tions between tsunami and tide is the main cause of the
changing conditions of tsunami propagation and run-up.
Kalmbacher and Hill (2015), using numerical simula-
tions on the Columbia River, also conclude that tsunami
wave heights increase with decreasing tidal level.
In this paper, we aim at investigate tsunami impact

and vulnerability in the bay of Asilah –Morocco (Fig. 1)
while evaluating their sensibility to the effect of the tidal
variation. This is achieved by: i) performing high-
resolution inundation modeling using the scenario-based
approach described in Tinti and Armigliato (2003) and
other recent applications along the Moroccan coastline
(Omira et al. 2010; Omira et al. 2011; Omira et al. 2013;
Benchekroun et al. 2015; Wronna et al. 2015), and ii)
investigating the building vulnerability using an approach
based on a combination of the results of tsunami
hydrodynamic modeling, information collected during the
building inventory and the use of GIS tools allowing multi-
criteria analysis and vulnerability mapping. This building
vulnerability assessment method is based on the BTV
model proposed by Omira et al. (2010). Furthermore, we
discuss the effect of the tide variation on the tsunami
hazard and vulnerability along the coast of Asilah.

Study area and regional settings
Asilah city is located on the northwest tip of the Atlantic
coast of Morocco, about 31 km south of Tangier (Fig. 1).
According to the Moroccan General Population and
Housing Census of 2014, the city records a population
of 31,014 inhabitants; with a number increasing drastic-
ally during summer season (RGPH 2014). In this study,
the Asilah coast, the harbor zone, and the fortified town
are considered (Fig. 1). The Asilah site is selected to
study the tsunami vulnerability of the building stock
along the Moroccan coast, for a number of reasons,
including: i) Asilah was heavily mentioned in the histor-
ical reports related to the impact of the November 1st
1755 tsunami (El Mrabet 2005; Blanc 2008; Blanc 2009;
Kaabouben et al. 2009), ii) the presence of a large variety
of buildings types within the coastal zone prone to tsu-
nami inundation, iii) the high seasonal population dy-
namics, daily average of 75,000 persons (DPDRSP 2004),
and iv) the presence of a major harbor and a large resi-
dential and touristic complex along the coast. Moreover,
the study area of Asilah is characterized by a low surface
elevation (between 0 and 78 m) with gentle slopes,
increasing its susceptibility to tsunami inundation.
The choice of Asilah is also justified by its geological

context and proximity to the Nubia–Eurasia plate
boundary (NEPB). In fact, several possible tsunami
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sources are identified along the Gulf of Cadiz (Johnston
1996; N. Zitellini et al. 1999; M.-A. Gutscher et al. 2002;
L. Matias et al. 2005; M. -A. Gutscher et al. 2006; M. -A.
Gutscher et al. 2006). The dextral transform zone of the
Azores-Gibraltar is one of the most tectonically active
zones in the Atlantic Ocean that has historically experi-
enced a number of large earthquake induced tsunamis
(El Alami and Tinti 1991; Baptista et al. 1998), particu-
larly the 1755 November 1st (M. -A. Gutscher et al.
2006). This area is still active, as evidenced by the earth-
quake of February 28th 1969 (Mb 7.9) and of February
12th 2007 (Mb 6.3), also felt in Morocco.

Methodology
Innundatin modeling
To assess the tsunami hazard at Asilah site, we use the
scenario-based approach that consists of determining the
impact at a selected coastal area from specific tsunami
events using numerical modeling. We test all the Maximum
Credible Earthquake Scenarios (MCES), for which we use
the typical faults (TFs) presented in Omira et al. (2009).
Then, to achieve the final step of hazard assessment, we
build the aggregate-scenario that triggers the higher tsu-
nami impact (in terms of inundation extent and run-up) in
each cell considering the contribution of the individual
scenarios along the coastal strip of Asilah (Tinti et al. 2011).
In this study, we select four TFs in the SWIM region;

all are source candidates of the November 1st 1755
earthquake. They correspond to the Gorringe Bank fault
(GBF) (Johnston 1996), the Marques de Pombal Fault
(MPF) (N. Zitellini et al. 1999), the Horseshoe Fault
(HSF) (Gràcia et al. 2003; L. Matias et al. 2005), and the
Cadiz Wedge Fault (CWF) (M.-A. Gutscher et al. 2002;
M. -A. Gutscher et al. 2006) (See Fig. 2a for location).
Table 1 depicts the TF parameters used to model the
generation of the tsunami that follows the earthquake.
Tsunami propagation and run-up calculations are per-

formed using the open source COMCOT code (Cornell
Multi-grid Coupled Tsunami Model) that solves both
linear and non-linear shallow water equations in spher-
ical or Cartesian coordinates using an explicit leap-frog
finite difference numerical scheme (Liu et al. 1998). The
code also allows employing a nested grid system with
increasing grid resolutions in order to fulfil the need for
tsunami simulations at different scales from the source
zone to the high resolution target coast where inunda-
tion maps are computed (Wang 2009). COMCOT code
has been used to study several tsunami events such as
the 1755 Lisbon tsunami (Baptista et al. 2011; Omira et
al. 2011; Omira et al. 2013), the 2003 Algeria tsunami
(Wang and Liu 2005) and, more recently, the 2004
Indian Ocean tsunami (Wang and Liu 2006).
A set of bathymetric/topographic nested grids was

generated in order to cover the areas from the source

zone to the target coast (Fig. 2). These digital elevation
models (DEMs) were produced to meet the following
criteria: i) homogeneous mapping with increasing reso-
lution from the tsunami source area to the test site
coast, ii) high horizontal resolution in the test-site in
order to ensure a better representation of the coastal
bathemetric/topographic features, and iii) continuity off-
shore–onshore in respect to the vertical datum. The
bathymetric/topographic grid layers were generated from
a compilation of multisource height/depth data that
includes: the GEBCO 30 Arc-second grid as a starting
point, and the compilation of nautical maps of the
Moroccan margin. The topographic grid of approxi-
mately 30 m resolution form (ASTER-GDEM V2),
encompassing the sources area offshore the Moroccan
margin, extends from 38°N to 83°S, was also used to
build the DEM. A set of grid layers (640 m, 160 m, 40 m
and 10 m resolutions) are nested for consecutive calcula-
tions of tsunami generation, propagation in an open
boundary condition and inland inundation.
The main grid, 640 m-resolution, is the same that

was used in the previous tsunami simulation works
(Benchekroun et al., 2015) (Fig. 2a). The second and
the third grid levels (Fig. 2b, c) were obtained by inter-
polating the main grid to 160 m and 40 m. The local
grid, a 10 m-resolution DEM (Fig. 2d), was compiled
from different sources of altimetry and depth data. The
bathymetric charts were referenced to the mean sea
level, merged on a unique database, and all data was
transformed to WGS84/UTM coordinates. The coast-
line has been corrected using recent satellite imagery.
To account for the tidal effects on tsunami impact and

vulnerability we simulate the waves’ propagation for
three static tide stages: mean lower low water (MLLW),
mean sea level (MSL), and mean higher high water
(MHHW). The values of MLLW and MHHW with re-
spect to the MSL, corresponding to −0.77 m and 1.17 m,
respectively, were obtained from 2-years (2014–2015)
time-series records of the Larache harbor tide-gauge
(DPDPM 2014; DPDPM 2015).

Building tsunami vulnerability
In this study, we applied the building tsunami vulner-
ability (BTV) model proposed by Omira et al. (2010) in
which, the authors distinguish between the “main
criteria” and the “intrinsic attributes” that influence the
vulnerability of coastal buildings to tsunamis. The main
criteria, which are defined and weighted independently
of the test-site, consist of: 1) building resistance condi-
tion, 2) inundation zone hazard and 3) sea-defense
resistance condition (Omira et al. 2010) (Fig. 3). Add-
itionally, the BTV model requires a field survey to define
vulnerability classes within the criteria 1 and 3, and

El Moussaoui et al. Geoenvironmental Disasters  (2017) 4:25 Page 4 of 14



numerical modeling for inundation hazard classes
(criterion (2)).
The field survey covered the building stock and sea-

defense structures within the study area with the objective
to characterize the elements controlling the vulnerability
and therefore deriving the classification factors. This led

to establish building and sea defense classes (Fig. 3) and
their corresponding classification factors (Table 2). Identi-
fied building types were grouped into four classes ranging
from buildings with very good resistance (class A) to
buildings with very weak resistance (class D) (see Fig. 3).
The field survey also revealed areas that are relatively well

Fig. 2 Tsunami scenario and nested grids system, (a) Parent grid of 640-m resolution and location of the typical faults (TFs) used for tsunami
modeling in the SWIM. Dextral reverse faults: Gorringe Bank fault (GBF), Marques de Pombal fault (MPF), Horseshoe Fault (HSF); subduction slab:
Cadiz Wedge fault (CWF), (b) intermediate bathymetric/topographic grid of 160-m resolution, (c) intermediate bathymetric/topographic grid of
40-m resolution and (d) the high-resolution digital elevation model (DEM) of 10 m used for inundation simulation. The elevations are in meters

Table 1 Fault parameters of the tsunamigenic sources considered in this study. These parameters have been used for the three
different tides MHHW, MSL, and MLLW

Fault L (km) W (km) Rake (°) Strike (°) Dip (°) Slip (m) Depth (km) μ (1010 Pa) Mw

HSF 165 70 90 42.1 35 15 5 4.5_ 8.5

MPF 110 70 90 20.1 35 8 5 4.5_ 8.25

CWF 170 200 90 349 5 10 5 3.0_ 8.64

GBF 200 80 90 53 35 10 5 4.5_ 8.5
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protected from tsunami waves, areas where protection is
moderate, and areas where there is almost no defense
against the sea waves. The protective structures identified
along Asilah coast consist of 3 types with various
construction materials and dimensions (Fig. 3). We found:
i) Rubble mound breakwater armored by concrete Tetra-
pods with a concrete sea wall of about 5 m height and 1 m
thickness (the structure that protects the city harbor), ii)
the wall of the Old town of about 10 m height and 1 m to
2 m thickness, and ii) a concrete retaining wall extending
from the north of the harbor to the northern entrance of
the town, 5 m high and 0.6 m of thickness. Identified
defense structures were grouped into three classes
(Table 2) according to their capacity of resistance to an

eventual tsunami impact (cf. Fig. 3). The classification of
zones prone to tsunami flooding is based on the results of
tsunami inundation modeling performed in Section 4.1.
The classification of flooded area requires the identifica-
tion of sub-zones presenting different inundation risk
levels. Here, four tsunami inundation classes are consid-
ered within the flooded area. This classification is based
on the number of floors flooded (Table 2).
The method used to investigate the vulnerability of

buildings to tsunami requires a multi-criteria analysis,
that control the tsunami buildings damage. The dynamic
aspect of vulnerability is taken into account by introdu-
cing the weighting and classification factors (Table 2) in
a dynamic formula (Omira et al. 2010).

Fig. 3 Map displaying buildings classes (A: multi-storeys well-designed engineered RC buildings, B: non-engineered RC building with masonry infill
walls, C: non-engineered timber construction, brick traditional buildings of the Old Town, D: Single-storey structureless dwelling), and sea-defense classes
identified during the field survey in Asilah-Morocco

Table 2 Criteria considered to control the tsunami buildings vulnerability, their corresponding weight factors (Fw.i) and classification
factors (Fc.b for building condition, Fc.i for inundation zone, and Fc.s for sea defense)

Building Inundation zone Sea defense

Weight Factor (Fw.i) 3 2 1

Class Condition level Fc.b Corresponding Flow depth (m) Fc.i Resistance level Fc.s

A Very good 1 0–4 1 Good 1

B Good 2 4–8 2 Medium 2

C Medium 3 8–12 3 Bad 3

D Bad 4 >12 4 – –
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Results
Tsunami inundation
A total of 12 simulations were run considering four
earthquake scenarios and three tide conditions (MLLW,
MSL and MHHW). Initial wave heights of 5.6 m, 5.8 m,
5.5 m and 4.7 m were produced following the HSF, the
CWF, the GBF, and the MPF scenario, respectively. The
CWF scenario led to the highest wave at the shore, with
a maximum height of 25.83 m. In Fig. 4, we present re-
sults of tsunami inundation modeling, including flood
extent and area and flow depth, for each individual
1755-like scenario, calculated for the mean sea level
(MSL) condition. These results clearly show that the
CWF scenario causes the worst tsunami impact over the
coastal area of Asilah. This scenario produces a max-
imum wave height (MWH) of about 25 m. The inland
inundation distance reaches 1.16 km in Asilah harbor
and surrounding area and extends even more along the
Halou river (see Fig. 4). The maximum flow depth
(MFD) is about 22.8 m with the maximum inundation
values over the sandy beach especially in the river
mouths and main lagoon areas. A detailed analysis
indicates flow depths larger than 0.5 m in 87% of the
inundation area. The maximum inundated area (MIA) is
about 2.16 km2.
In comparison with CWF, the HSF scenario produces

less tsunami impact (Fig. 4a). In this case, the MWH and
MFD reach values of 11.5 m and 11 m, respectively. The
inundation extent is limited to the beach and the riverbed,
with a maximum value of 0.24 km. The flooded area is
about 0.6 km2. On the other hand, the MPF scenario
(Fig. 4d) presents similar tsunami hazard as the HSF, but
with a slightly reduced inundation area, MIA of about
0.42 km2. Also, the MPF scenario leads to lower wave
heights of about 6.8 m close to the coast, and MFD and
MIE reaching 6.2 m, and 0.23 km, respectively. Within the
SWIM region, the GBF scenario (Fig. 4d) produces the
weakest tsunami impact in Asilah, MIA of 0.24 km2,
MWH of 6.4 m and MFD of 5 m. The inundation from
this scenario is limited to the beach zone, and did not
penetrate the riverbed as observed for the other scenarios.
Considering the tsunami impact from all the studied

scenarios, we generate an aggregate scenario map that
represents the extreme hazard values field by taking the
contribution of all individual scenarios (Fig. 5). The
result clearly shows the dominance of the CWF scenario.
In the Table 3, we summarize the numerical modeling
results (MWH, MFD, MIE, and MIA) for all the consid-
ered scenarios and for different tidal conditions, including
MLLW, MSL, and MHHW.

Building vulnerability map
The results of BTV assessment are represented in the
form of a vulnerability map (Fig. 6). Tsunami vulnerability

levels range from low, corresponding to slight no struc-
tural damage, to very high, corresponding to a total de-
struction (Fig. 6). Analysis of the BTV results, clearly
indicates that most buildings, about 51.6%, have medium
damage level (slight structural damage) (Fig. 7).These
buildings belong to the class C (Table 2) and are located
within an area of medium flow depth but well protected
by the wall of the Old town and the harbor breakwaters
(see Fig. 3).
Buildings with high vulnerability level (severe struc-

tural damage) represent 32.84% of the flooded coastal
structures of Asilah (Fig. 7). These buildings mainly be-
long to classes B and C. Their location within a height
inundated area (8 m <MFD < 12 m), in addition to the
absence of the sea defense structures in front of them,
lead to increase their vulnerability to tsunami damage.
The BTV for class D ranges from high to very high

vulnerability level (severe structural damage to total de-
struction) and represents 8.74% of the built-up area
(Fig. 7). These buildings are located along the limit of
the sandy beach and in the harbor zone. The very highly
vulnerable category includes also buildings of class C.
On the other hand, buildings with low vulnerability level
remains rare, they represent 6.82% of buildings (Fig. 7),
and are mainly of class A located in low flooded area.
In summary, the spatial distribution of BTV in the

study area (Fig. 6), shows that all buildings categories,
could suffered damage at different levels in case an event
similar to the 1755 tsunami hits the area.

Discussion
Impact and vulnerability
The four “1755-like” scenarios cause dissimilar tsunami
inundation along the coast of Asilah. The level of impact
ranges from low, corresponding to limited flood of the
sandy beach, to very high when tsunami waves advance
inland up to 1.16 km. The CWF scenario appears to pro-
duce the worst tsunami impact along the Asilah coast
(flooded area of more than 2 km2) and, therefore, largely
contribute to the aggregate scenario. On the other hand,
the GBF scenario produces the lowest inundation area of
0.24 km2. Among the considered scenarios, the CWF
and the HSF are more efficient to radiate tsunami energy
towards the northern coast of Morocco (see Omira et al.
(2009) for the regional tsunami energy patterns in the
Gulf of Cadiz).
The application of the BTV model leads to valuable

insight on the vulnerability of the coastal buildings to the
tsunami impact at Asilah-Morocco. The variety in the
types of structures along Asilah coast allows estimating
the damage level of different buildings categories in differ-
ent inundation conditions. Within the inundation area of
2.17 km2, about 41.6% of the buildings are highly to very
highly vulnerable to the tsunami from the SWIM region.
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These results clearly demonstrate that buildings along the
coast of Asilah are not designed to withstand the tsunami
impact, especially with the absence of sea defense structures
that can protect or, at least, reduce the tsunami effects.
Structures of the Asilah’s Old town belong to vulnerability

class raging from medium to high. The occurrence of a tsu-
nami similar to the 1755 event can cause major damage on
these buildings of great historical and cultural importance.
Tsunami vulnerability remains less investigated in

comparison to the tsunami hazard. Despite this fact, a

Fig. 4 Results of inundation area and maximum flow depths for each proposed source model of the November 1st 1755 Lisbon earthquake
considering MSL condition: (a) HSF; (b) CWF; (c) GBF; (d) MPF. MFD are represented by the color bar (in meters)

El Moussaoui et al. Geoenvironmental Disasters  (2017) 4:25 Page 8 of 14



number of recent studies on tsunami vulnerability as-
sessment have been carried along the coasts of Morocco,
including the coast of Casablanca (Omira et al. 2010),
Rabat-Sale (Atillah et al. 2011), and Tangier (Benchekroun
et al. 2015). Although diverse vulnerability methods have

been employed, these studies have led to quite comparable
results. Omira et al. (2010) show that, in Casablanca, con-
structions with very weak structural conditions located in
unprotected near-shore areas within a high inundation
risk zone present very high vulnerability level. They also

Fig. 5 Results inundated area and maximum flow depths, for the aggregate scenario considering MSL. MFD are represented by the color bar
(in meters)
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Table 3 Summary table of resulted MHW, MFD, MIE and MIA for each proposed source model of the 1st November 1755 Lisbon
earthquake and the aggregate scenario considering the three tide stages

MWH (m) MFD (m) MIE (km) MIA (km2)

Tide Stage/Scenario MLLW MSL MHHW MLLW MSL MHHW MLLW MSL MHHW MLLW MSL MHHW

CWF 25.83 25.64 23.07 22.83 22.85 21.63 1.10 1.16 1.30 1.99 2.16 2.46

HSF 13.23 11.65 11.87 9.63 11 10.71 0.24 0.24 0.42 0.56 0.60 0.71

MPF 6.77 6.83 8.46 5.75 6.23 7.93 0.23 0.23 0.41 0.38 0.42 0.50

GBF 5.76 6.40 8.8 4.36 5.5 8.8 0.22 0.23 0.24 0.28 0.24 0.48

Aggregate 25.83 25.64 23.07 22.83 22.85 21.63 1.10 1.16 1.30 1.99 2.17 2.46

Fig. 6 Building tsunami vulnerability Map displaying the level of vulnerability caused by tsunami impact along the Asilah bay; the Low level
corresponds to slight no structural damage, Medium corresponds to slight structural damage, High corresponds to severe structural damage, and
Very high corresponds to a total destruction
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conclude that RC structures could withstand the tsunami
impact (low to medium vulnerability) even in inundation
zones of high flow depth. Atillah et al. (2011) study
reaches comparable conclusions and expects a total de-
struction of the weak constructed structures facing the sea
in Rabat-Sale coast. Benchekroun et al. (2015) outlined
different levels of expected buildings vulnerability to tsu-
nami impact, which vary from very high for single-storey
structures, located in the Tangier city harbor and along
the sandy beach, to low for multi-storeys RC structures.
This study presents vulnerability results that correlate well
with the findings of the previous studies (Omira et al.
2010; Atillah et al. 2011; Benchekroun et al. 2015). This
includes the very high-to-high vulnerability levels
attributed to the A and B building classes of very weak
structural conditions and mainly located in the first line
front to the sea. Also, for multi-storeys well-designed RC
structures (C and D classes) medium to low vulnerability
levels, depending on their locations, were attributed in all
the mentioned studies. The only difference concerns vul-
nerability of the Old town, with structural typology widely
present in the major cities of Morocco. While these

structures are highly vulnerable in Casablanca (Omira et
al. 2010), they are less vulnerable in Rabat (D1–D3 dam-
ages, (Atillah et al. 2011)) due to limited flow depth, and
not vulnerable in Sale and Tangier as the tsunami does
not reach them due to their location in high ground.

Influence of tidal variation on BTV
It is well recognized that the tide level at the time of the
tsunami arrival affects the coastal impact, especially if
the target coast is exposed to significant tidal variations
(Dao and Tkalich 2007; Omira et al. 2016). In the Atlan-
tic Ocean, where our study area is located, the tide
presents important variations and the peak-to-peak tidal
amplitude can be as high as 4–5 m. In this study, we ac-
count for the tidal variations in the region to evaluate
the sensitivity of both impact and vulnerability to
tsunami-tide interaction. To do so, we simulate the tsu-
nami inundation, for each scenario, considering three
static tidal stages, MLLW, MSL and MHHW. Then, tsu-
nami vulnerability is evaluated within the inundation
zones corresponding to the interaction of the tsunami
with each one of the three tidal stages. Results depicting

Fig. 7 Variations in the buildings tsunami vulnerability variations under the effect of the tidal stages
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the influence of the tide level on the tsunami impact and
vulnerability are summarized in Table 3 and Fig. 7,
respectively.
Examination of the sensitivity analysis results (Table 3

and Fig. 7) clearly shows that both tsunami impact and
vulnerability increase with the increase of tide ampli-
tude. Larger MIE and MIA (1.30 km and 2.46 km2,
respectively) were simulated for the aggregate scenario
in MHHW condition that in MSL and MLLW condi-
tions. Also, the building vulnerability shows, with
respect to MSL stage, an increase of 8.40% and a
decrease of 5.34% at MHHW and MLLW conditions
(Fig. 7), respectively.
It is also worth pointing out here that this study suf-

fers from some limitations related to the models used
for the earthquake rupture, the tsunami simulations, the
DEM construction, and the BTV assessment. In spite of
all these limitations and simplifications, the result
obtained in this paper contributes to develop a better
understanding of tsunami hazard and vulnerability along
the coast of Morocco.

Conclusions
In this study we investigate tsunami building vulnerabil-
ity in a coastal area of the Atlantic Ocean, Asilah-
Morocco, where historical tsunami events are relatively
well documented. A scenario-based approach and a
qualitative GIS-based model were used to evaluate the
levels of tsunami impact and building vulnerability of
the Asilah coastal area. The main findings of this study
are:

1. Tsunami impact calculated at Asilah supports the
results of previous works suggesting that the
Northwestern coast of Morocco is one of the
tsunami hazardous coasts of the Atlantic Ocean;

2. A large percentage of the building stock within the
inundation zone at Asilah (41.6%) are highly vulnerable
to tsunami impact suggesting that the structures are
not designed to resist the tsunami impact.

3. The tidal variation along the Atlantic coast of
Morocco affects the tsunami inundation and
consequently the vulnerability of the building
environment.

4. Buildings of the Old town, which present the historical
and cultural patrimony of Asilah, should benefit from
building restoration programs, since large part of this
zone belongs to a high vulnerability level.

In summary, the results of this work have potential
implications for risk and emergency management and
long-term land-use zoning and development of building
resistant design and construction standards.
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