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Abstract. This paper seeks to investigate the effectiveness
of sea-defense structures in preventing/reducing the tsunami
overtopping as well as evaluating the resulting tsunami im-
pact at El Jadida, Morocco. Different tsunami wave condi-
tions are generated by considering various earthquake sce-
narios of magnitudes ranging fromMw = 8.0 to Mw = 8.6.
These scenarios represent the main active earthquake faults
in the SW Iberia margin and are consistent with two past
events that generated tsunamis along the Atlantic coast of
Morocco. The behaviour of incident tsunami waves when in-
teracting with coastal infrastructures is analysed on the ba-
sis of numerical simulations of near-shore tsunami waves’
propagation. Tsunami impact at the affected site is assessed
through computing inundation and current velocity using a
high-resolution digital terrain model that incorporates bathy-
metric, topographic and coastal structures data. Results, in
terms of near-shore tsunami propagation snapshots, waves’
interaction with coastal barriers, and spatial distributions of
flow depths and speeds, are presented and discussed in light
of what was observed during the 2011 Tohoku-oki tsunami.
Predicted results show different levels of impact that different
tsunami wave conditions could generate in the region. Exist-
ing coastal barriers around the El Jadida harbour succeeded
in reflecting relatively small waves generated by some sce-
narios, but failed in preventing the overtopping caused by
waves from others. Considering the scenario highly impact-

ing the El Jadida coast, significant inundations are computed
at the sandy beach and unprotected areas. The modelled dra-
matic tsunami impact in the region shows the need for addi-
tional tsunami standards not only for sea-defense structures
but also for the coastal dwellings and houses to provide po-
tential in-place evacuation.

1 Introduction

The Tohoku-oki earthquake of 11 March 2011, with a mag-
nitude of 9.0 (USGS, 2011), triggered a tsunami that caused
massive destruction along the northeastern coasts of Japan,
130 km from the epicentre. Tsunami waves reached the first
Japanese mainland area 20 min after the earthquake (JMA,
2011) and affected about 2000 km of Japan’s Pacific coasts
(Mori et al., 2011). A maximum run-up of 39.7 m was re-
ported from the Sanriku region (Sugawara et al., 2012), and
the inundation extended more than 5 km inland at Sendai
Plain (Mori et al., 2011). The catastrophic consequences of
this tsunami showed a need to revise the Japanese tsunami
mitigation programmes and plans.

Japan is among the countries best prepared to deal with
tsunami disaster. The Tohoku-oki tsunami was the first case
where sophisticated, well-developed tsunami countermea-
sures faced such an extreme event. This tsunami revealed
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some limits in the Japanese tsunami mitigation programmes,
especially in what concerns the sea-defense structures that
were insufficient to protect the coastal population. This fact
raised a question on the effectiveness of coastal barriers
around the world in preventing/reducing tsunami inundations
and, therefore, in protecting the endangered population.

The design and construction of coastal facilities able to
stop the tsunami inundation for the at-risk coastal areas re-
mains one of the recommended measures for tsunami haz-
ard mitigation. On the other hand, construction standards of
sea-defenses must meet the safety needs of vulnerable zones,
which could be derived from impact and damage estimations
and predictions.

Japan not only has an effective tsunami warning system
(TWS) but also about 40 % of its 22 000 miles coastlines
(The New York Times, 2011a) is surrounded by different
coastal structures designed to protect vulnerable zones from
high waves, typhoons or even tsunamis. These coastal de-
fense facilities constructed after the 3 March 1933 Showa
Sanriku tsunami include walls, breakwaters, water gates and
high-rise river dikes. The protective structures performed
well against tsunami inundation during the Tokachi-oki
tsunami of 16 May 1968 (Edward et al., 2006). However,
theMw = 9.0 event of 11 March 2011 far exceeded the max-
imum credible earthquake anticipated, generating a tsunami
that exceeded the Japanese tsunami standards. During this
event, the overtopping of Japanese sea-defense facilities oc-
curred, and sea-walls provided limited protection to the en-
dangered population. Even though the defensive walls con-
tributed to the reduction of the tsunami catastrophic poten-
tial by slowing down the waves’ propagation and reducing
their energy, catastrophic human and economic losses were
caused. This fact shows that there is always a possibility to
exceed the tsunami design standards even for an unprece-
dented event of extreme rarity.

In the North East Atlantic region, the countries most ex-
posed to tsunamis are Morocco, Portugal, and Spain (Bap-
tista and Miranda, 2009; Kaabouben et al., 2009; Ruiz et al.,
2005). In these countries, coastal and sea-defense structures
are not designed to withstand the tsunami impact and serve
only as breakwaters that protect marinas and harbour facili-
ties from ocean wind waves.

In the present study, we investigate the performance of ex-
isting coastal barriers and infrastructures against the tsunami
overtopping as well as evaluating the resulting tsunami im-
pact at El Jadida (Morocco) site. The city of El Jadida is
one of the Moroccan Atlantic zones that were ravaged by
the 1 November 1755 Lisbon tsunami, as described in var-
ious tsunami historical works (Blanc, 2009; Kaabouben et
al., 2009). The town has known, during the last decades, a
significant growth of coastal urbanisation that resulted in the
construction of various coastal facilities, dwelling houses and
tourism projects along its coast. However, no tsunami pro-
tection measures have been put in place in order to mitigate
the possible tsunami impact. Therefore, the occurrence of a

1755-like tsunami event could cause massive human and ma-
terial losses in the region.

The paper considers submarine earthquakes as the main
source of tsunami generation in the Gulf of Cadiz, in spite
of some landslides reported in historical catalogues (Baptista
and Miranda, 2009), to trigger tsunamis of local effects in
the region. We consider five tsunamigenic scenarios, all of
seismic origin, in this study. These scenarios, of magnitudes
raging from 8.0 to 8.6, represent the main active earthquake
faults in the SW Iberia margin that are able to trigger large
tsunamis in the region. The lower magnitude (Mw = 8.0) is
compatible with the 28 February 1969 event, while the higher
magnitudes (Mw = 8.2–8.6) are considered to represent the
1 November 1755 event. We perform a numerical modelling
of tsunami propagation for all considered scenarios and inun-
dation for the scenario causing the worst impact in the stud-
ied area.

Tsunami inundation and overland waves’ propagation are
critically dependent on the quality of both digital terrain
and numerical tsunami propagation models. The digital ter-
rain model must include a complete description of the
bathymetry, topographic and coastal infrastructure (Leone et
al., 2010), while the numerical model must be validated us-
ing realistic cases. The generation of the high-resolution dig-
ital terrain model was supported by cartographic data and
field surveys in order to better describe both natural and
man-made coastal features in the region. On the other hand,
the reliability of the numerical model, employed to simulate
both tsunami propagation and inundation, was tested within
the framework of the TRANSFER EU project (TRANSFER,
2009) against the benchmark tests proposed by Synolakis et
al. (2007). Benchmarking results show good performances of
the numerical code for various tests. Also, this code has been
successfully used to simulate various historical tsunamis,
such as the 1755 Lisbon event (Baptista et al., 2011a), and
recent events, such as the 2004 Sumatra tsunami (Wijetunge,
2009), showing good agreements with observations.

Simulated near-shore waves show differences in charac-
teristics and behaviour between waves generated by the var-
ious tsunami scenarios considered in this study. The analy-
sis of the interaction of these computed waves with coastal
structures and the possibility of overtopping allows testing
the effectiveness of coastal protective facilities in prevent-
ing/reducing tsunami inundation. Existing coastal barriers at
El Jadida succeeded in reflecting waves of relatively small
amplitudes generated by some of the considered scenarios,
but failed in preventing the overtopping from tsunami sce-
narios causing high near-shore waves. Unprotected coastal
areas, such as the beach of the city of El Jadida, suffered
significant simulated flooding compared to other protected
zones.

We present the results in terms of near-shore tsunami
waves’ behaviour, their interaction with coastal structures
and the resulting inundations and current velocities. Finally,
we discuss those results in light of observations from the
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Fig. 1. The Tohoku, 11 March 2011, Tsunami event of Japan:(a) epicentre location of the earthquake from USGS (2011);(b) the 11 March
tsunami overtopping the 40 ft sea-wall at Miyako city (source: Mainichi Shimbun/Reuters in The New York Times, 2011a);(c) sea-wall of
10 m height in Taro N-E Japan (adapted from Edward et al., 2006);(d) the devastating impact in the city of Taro after the 11 March 2011
Japanese tsunami that overtopped the sea-wall (source: Ko Sasaki for The New York Times, 2011b).

11 March 2011 Japanese tsunami. Here, we use these ob-
servations from the Japanese event not to make a direct com-
parison with the El Jadida case but to serve as lessons for
future tsunami preparedness and mitigation programmes in
the studied zone.

2 Lessons learned from the Japanese tsunami

The tsunami that struck Japan on 11 March 2011 triggered by
aMw = 9.0 earthquake (see Fig. 1a for location), highlighted
the fact that there is always a possibility of exceedance
of tsunami design standards. The unprecedentedMw = 9.0
event far exceeded the anticipated maximum credible earth-
quake and the resulting tsunami far exceeded predicted run-
up and inundation distances. The devastating tsunami gener-
ated a maximum run-up of 39.7 m at Miyako and propagated
more than 5 km inland at Sendai Plain (Mori et al., 2011).
Against this huge tsunami, the Japanese defensive facilities
provided limited protection to the endangered coastal popu-
lation. In some cases, the coastal barriers were severely dam-
aged or failed structurally due to massive scour of the on-
shore toe or to the return flow (EERI, 2011), while sea-walls
that survived the waves impact helped limit tsunami damage
even though they were overtopped.

The massive impact of the 2011 Tohoku-oki tsunami was
mainly observed along the northeastern Pacific coasts of
Japan. The city of Miyako has known a large inundation af-
ter the overtopping of the 40 ft (∼ 12 m) sea-wall (Fig. 1b). In
this town, the ASCE-EERI team (American Society of Civil
Engineering – Subcommittee on Tsunami Loads & Effects)
examined areas inside and outside the sea-wall during a post-
tsunami survey and found a remarkable difference showing
more than 90 % of unprotected area destroyed, while only lo-
calised damages were observed behind the sea-wall (EERI,
2011). Moreover, the extent of damage was minimal on the
lee of the 15.5 m high sea-wall that was overtopped by a
18.1 m wave at Fudai (EERI, 2011; Suppasri et al., 2012).
These facts clearly indicate that sea-walls of Japan, even
though overtopped, helped mitigating tsunami effects. At the
Taro fishing town, Japan’s northeastern coast, the tsunami
impact was devastating. Waves washed over a sea-wall that
stretches for 2.4 km and rises as high as 10 m (Fig. 1c), ad-
vancing inland, carrying with them wooden dwellings and
only a few RC buildings withstood the impact (Fig. 1d). Sev-
eral survivors of the 11 March disaster at Taro town have
testified that the presence of sea-walls may have provided
a false sense of safety to the endangered coastal population

www.nat-hazards-earth-syst-sci.net/13/1779/2013/ Nat. Hazards Earth Syst. Sci., 13, 1779–1794, 2013
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(The New York Times, 2011b). Some of Taro’s population
stood and waited for the arrival of the tsunami waves and the
overtopping of the barriers before running for their lives to
higher ground.

On the other hand, tsunami warning was successfully dis-
seminated by the Japan Meteorological Agency (JMA) a few
minutes (∼ 3 min) after the earthquake occurrence (JMA,
2011). Nevertheless, this initial issued tsunami alert was
based on an under-estimated magnitude of 7.9, leading to
the underestimation of the wave amplitudes’ prediction along
Japan’s coasts. During the event, based on tsunami obser-
vations from offshore and tide gauges sensors, JMA raised
tsunami warning grades and widened warning areas seven
times (Ozaki, 2011), whereas the first upgrade was 28 min
after the earthquake. However, due to the close location of
the earthquake epicentre (Fig. 1a),∼ 130 km off the north-
east coast and, therefore, the short arrival time of the sub-
sequent tsunami waves to the nearest coasts, the evacuation
process was difficult to apply in some areas.

In summary, we can conclude that without the tsunami
countermeasures, the effects of the 11 March 2011 tsunami
would have likely been even worse. The presence of a so-
phisticated TWS saved many lives by providing a tsunami
warning a few minutes after the earthquake occurrence. Also,
tsunami education and preparedness programmes led the
Japanese population to react appropriately to the dissemi-
nated alert. In addition, coastal sea-defenses, even though
overtopped, helped slow down the tsunami waves and re-
duced the extent of impact.

3 Study area and characteristics of coastal defense
infrastructure

The studied area of about 4.5 km×1.5 km corresponds to
El Jadida site, a port city on the Atlantic coast of Morocco,
characterised by a high coastal occupation and various touris-
tic activities (Fig. 2). Known as Mazagão under the Por-
tuguese, they held it from 1502 to 1769 and constructed the
Old Portuguese Medina and its∼ 11 m height wall. From the
early 19th century, the city has known a great amount of de-
velopment in terms of coastal structures and occupation that
has resulted in the construction of the harbour, various tourist
projects and infrastructures along the coast. The city’s pop-
ulation is estimated as more than 250 000 inhabitants. This
population grows significantly during high season, corre-
sponding to the summer period when the city experiences
its important touristic activity. Moreover, the Atlantic coast
of Morocco is also characterised by its important tidal varia-
tions. The tidal amplitude along this coast is up to 4 m (Rus-
sell, 2010). At near-shore El Jadida the high-tide amplitude
reaches∼ 2.9 m (MET, 2011) .

From a tsunami risk point of view, the city of El Ja-
dida was one of the Moroccan Atlantic sites ravaged by the
1 November 1755 Lisbon tsunami, as described in various

Fig. 2. Study area:(a) regional overview of the Gulf of Cadiz area
and the location of El Jadida site in the Atlantic coast of Mo-
rocco; (b) studied site including the harbour and the beach of the
city as well as the land occupation (1: 10 000 urban plan of El Ja-
dida; Source: Direction of conservation and land surveying, Rabat-
Morocco).

tsunami historical works (Blanc, 2009; Kaabouben et al.,
2009). Moreover, the study by Omira et al. (2009) indicates
that this site is the first on the Moroccan Atlantic coast to
be reached by tsunami waves triggered by regional earth-
quakes generated in SW Iberia. This fact suggests that El Ja-
dida should be an official “forecast point” in the future imple-
mentation of a tsunami early warning system in NE Atlantic.
Considering the studied site as a “forecast point” will serve to
warn other coastal areas where the tsunami takes more time
to reach.

The field survey conducted along the El Jadida coastal
area focused on the identification and characterisation of
existing sea-defense infrastructures (Fig. 3). It revealed the
presence of some breakwaters and protective structures that
consist of (i) a rubble mound breakwater armoured by con-
crete tetrapods (Figs. 3b.1 and b.2), (ii) a mortared stone
groin (Fig. 3b.3), (iii) concrete vestigial sea-walls of∼ 2–3 m
(Fig. 3c.2) and of∼ 1 m (Fig. 3c.3) in height that separate the
sandy beach from the rest of the city, and (iv) an 11 m high
wall surrounding the Old Medina (Fig. 3c.1). The breakwa-
ters, which are offshore sea-defense structures, are usually
designed to shelter the harbour basin and the entrance against
the waves. On the other hand, the sea-wall, which is an on-
shore barrier, is constructed in order to reduce the erosion
risk at the coastal zone and may also be useful to stop waves.

Nat. Hazards Earth Syst. Sci., 13, 1779–1794, 2013 www.nat-hazards-earth-syst-sci.net/13/1779/2013/
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Fig. 3. Coastal sea-defense identification and characteristics in the studied site:(a) location of the visited areas;(b) harbour breakwaters;
(c) sea-walls along the El Jadida coast.

In summary, preliminary observations reveal the absence
of any specific tsunami-resistant and/or evacuation design for
these structures. In view of this, we investigated the effec-
tiveness of the existing infrastructures considering five earth-
quake/tsunami scenarios that generate different wave condi-
tions near-shore.

4 Tsunamigenic scenarios

We perform tsunami impact modelling for the El Jadida site
using five tsunami scenarios produced by different submarine
earthquakes of magnitudes ranging from 8.0 to 8.6. Consid-
ering the scenarios of these magnitude ranges, we cover the
events that occurred on 28 February 1969 (Baptista et al.,
1992; Gjevik et al., 1997) and on 1 November 1755 (Baptista
et al., 1998). With this approach, we produce different wave
conditions near-shore, and we examine the effectiveness of
the existing defense structures in preventing/reducing inun-
dation.

The 28 February 1969 earthquake (Ms = 7.9) occurred in
the Horseshoe Abyssal Plain zone (HAPZ) and triggered a
small tsunami in the Gulf of Cadiz region. The relatively
deep fault rupture of this earthquake,∼ 23 km from the sea
floor (Fukao, 1973), was the main factor that controlled the
amplitudes of the associated tsunami waves. Hence, tide-
gauge stations in Portugal, Spain, and Morocco recorded
only a small tsunami with a maximum of 0.9 m downward
at Casablanca, Morocco (Omira et al., 2010). Here, we con-
sider a shallower rupture mechanism for aMw = 8.0 scenario
that we assume as a 1969-like event (see Table 1), which al-
lows for the generation of more significant tsunami waves
along the Atlantic coasts of Morocco. On the other hand,
scenarios of larger magnitudes (≥ Mw = 8.2) are considered
compatible with the 1755 event (Mw = 8.5±0.3 recently re-
evaluated from macro-seismic field survey; Martinez-Solares
and Lopez-Arroyo, 2004) known to trigger a large tsunami
that impacted the coast of El Jadida. The effects of the
1755 tsunami along Moroccan coasts are extensively de-
scribed in various works (El-Mrabet, 1991; Kaabouben et

www.nat-hazards-earth-syst-sci.net/13/1779/2013/ Nat. Hazards Earth Syst. Sci., 13, 1779–1794, 2013
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Table 1. Fault parameters of considered tsunamigenic scenarios compatible with both 1969 and 1755 events. Scenarios: HS (Horseshoe),
MP (Marques de Pombal), GB (Gorring Bank), CW (Cadiz Wedge);L: the fault length in km;W : the fault width in km;D: the depth from
the sea bottom to the top of the fault in km;µ: the shear modulus; andMw: the moment magnitude.

Scenario L W Epicentre D Slip Strike Dip Rake µ Mw
(km) (km) coordinates (km) (m) (◦) (◦) (◦) (Pa)

Lon Lat

1969-like HS 105 60 –9.9 35.8 4.0 4.0 42 35 90 4.5× 1010 8.0

1755-like HS 165 70 –9.9 35.6 4.0 12.0 42 35 90 4.5× 1010 8.5
MP 120 70 –9.8 36.6 4.0 8.0 20 35 90 4.5× 1010 8.2
GB 200 80 –11.3 36.7 4.0 10.0 53 35 90 4.5× 1010 8.5
CW 168 200 –8.1 35.1 4.0 10.0 349 5 90 3.0× 1010 8.6

al., 2009; Blanc, 2009). This event was transoceanic and
tsunami-generated waves impacted the eastern Lesser An-
tilles, the Newfoundland and Canada north, and the coasts
of Brazil south (Kozak et al., 2005; Ruffman, 2006). Barkan
et al. (2009) investigated the far-field tsunami modelling for
the 1755 Lisbon event and show significant tsunami waves
reaching the US eastern and Caribbean coasts.

To simulate the ocean bottom deformation due to these
earthquakes, we select the main active earthquake faults
located offshore of SW Iberia; namely, the Cadiz Wedge
(CW) fault (Gutscher et al., 2002), the Horseshoe (HS) fault
(Gràcia et al., 2006), the Marques de Pombal (MP) fault
(Zitellini et al., 1999), and the Gorringe Bank (GB) fault
(Johnston, 1996) (see Fig. 4a). Compared to tsunamigenic
faults that have been identified by geological studies in the
SW Iberia margin the dimensions of the scenarios that are
considered in this study, except the 1969-like scenario, have
been extended in order to be in agreement with the worst
case magnitude. The scaling relationship of Scholz (1982)
that is based on fault lengths and length/width relation has
been used to obtain the slip magnitude of each scenario.
The sources HS, MP, and GB are considered thrust and thus
a fixed dip of 35◦ is adopted in agreement with Omira et
al. (2009). For the CW a minimum dip of 5◦ is used as the
source corresponds to the basis of an accretionary wedge
(Gutscher et al., 2006). Regarding the shear modulus (µ) that
characterises the rigidity of the earthquake rupture area, a
value of 4.5× 1010 Pa is chosen for HS, MP and GB, as a
higher value of 6.5× 1010 Pa would be more appropriate for
large width faults that rupture also the upper mantle (Matias
et al., 2013). A lowerµ value of 3×1010 Pa is adopted for the
CW that occurs in a subduction slab roll-back source area ac-
cording to Gutscher et al. (2002). It is important to note that a
change ofµ from 4.5×1010 Pa to 6.5×1010 Pa, for example,
would imply an increase of 0.1 inMw without any change in
the tsunami amplitudes simulated. Fault parameters for the
studied scenarios are illustrated in Table 1. In Fig. 4a the sce-
narios are plotted.

5 Tsunami numerical modelling

Numerical modelling of near-shore tsunami behaviour, im-
pact, inundation, and current velocity is investigated in or-
der to test the effectiveness of coastal infrastructures against
tsunami incident waves. To simulate the tsunami propaga-
tion, we use a nonlinear shallow water code and a high res-
olution digital terrain model that incorporates bathymetric,
topographic, and coastal man-made infrastructures data.

5.1 Digital terrain model

A set of bathymetric/topographic data grids is generated to
cover the areas from the Gulf of Cadiz to the studied site.
The grid layers have spatial increasing resolutions with grid
sizes of 320 m, 80 m, 20 m, and 5 m. They are nested for con-
secutive calculations of tsunami generation, propagation and
inland inundation.

Bathymetric data for the parent grid, 320 m resolution,
which extends from 33◦ N to 40◦ N and from 5◦ W to 13◦ W
including the tsunamigenic sources region (Fig. 4a), are com-
piled using multisource height/depth data from the General
Bathymetric Chart of the Oceans one minute data (GEBCO,
2011), together with the SW Iberian margin bathymetry com-
pilation (Zitellini et al., 2009). This compilation was com-
pleted with digitised bathymetric charts and digital carto-
graphic data in order to assure a good description of bathy-
metric and topographic features in the region. Two interme-
diate grids of resolutions 80 m and 20 m are incorporated in
the nested grids system for numerical stability requirements.
The 80 m sub-grid covers the Atlantic coastal segment of
Morocco from Casablanca to the north to Safi to the south,
while the 20 m grid focuses on El Jadida and the surrounding
regions. Both intermediate grids are obtained by interpolat-
ing the parent grid to 80 and 20 m resolutions. For the site of
interest a 5 m-resolution grid is generated.

The near-shore grid layer of 5 m resolution (Fig. 4b),
which focuses on the studied site, incorporates high-
resolution bathymetric, topographic and coastal man-made
infrastructures data. The generation of this grid was

Nat. Hazards Earth Syst. Sci., 13, 1779–1794, 2013 www.nat-hazards-earth-syst-sci.net/13/1779/2013/
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Fig. 4.Tsunamigenic scenarios and digital elevation models:(a) regional bathy/topo of the Gulf of Cadiz region and the considered tsunami
scenarios, GBF: Gorringe Bank fault, MPF: Marques de Pombal fault, HSF: Horseshoe fault, CWF: Cadiz Wedge fault;(b) 5 m resolution
digital elevation model incorporating bathymetric, topographic and coastal buildings and sea-defense infrastructures data for the El Jadida
site.

supported by both field surveys and cartographic data. Topo-
graphic data were obtained from SDAU – El Jadida (2004)
that used the GPS to collect offshore elevations of the
study area in the form of points with precise coordinates.
This dataset is then enriched with digitised points from a
1 : 50000 topographic map along the contours lines of 5–
35 m. The bathymetric data were obtained from the digitali-
sation of high-resolution bathymetric charts, 1: 50000 scale,
of El Jadida site. The zero height contour line of the study site
was digitised from a satellite image and then used for land–
sea transition. Coastal infrastructures information including
geometries and elevations of both coastal buildings and pro-
tective structures were obtained from SDAU – El Jadida and
field surveys. These data were in the form of vectors that are
converted to a matrix in order to be integrated with the con-
structed bathymetric/topographic layer using the GIS envi-
ronment tools. The result of these processes was the genera-
tion of a 5 m-resolution grid layer (Fig. 4b), allowing a better
representation of bathymetric, topographic and coastal struc-
tures in order to conduct more realistic modelling of tsunami
impact in the region of El Jadida, Morocco. The elaborated
5 m-resolution digital terrain model represents properly the
coastal protective structures identified in the Sect. 3.

5.2 Numerical model

The initial sea surface perturbation is generated for the sub-
marine earthquake scenarios described in Sect. 4. The earth-
quake rupture is supposed instantaneous and the sea-bed
displacement is computed using the half-space elastic the-
ory (Okada, 1985). As the slip distribution affects the near-

shore waveform (Geist, 2005; MacInnes et al., 2010) and,
therefore, the near-field tsunami run-up, we adopt a discre-
tised dip-directed slip distribution along the fault plane, fol-
lowing the smooth closure condition proposed by Geist and
Dmowska (1999). The vertical sea bottom displacement is
then transferred to the free ocean surface with the assumption
that both deformations of sea bottom and ocean surface are
equal (Kajiura, 1970). The basic fault parameters for earth-
quake scenarios used in tsunami modelling are summarised
in Table 1.

We adopt the linear and nonlinear approximations of shal-
low water equations (SWEs) to simulate the tsunami propa-
gation. In the deep ocean the linear approximation of SWEs,
which consists of neglecting the nonlinear convective iner-
tia force, is valid since the waves travel with amplitudes
much smaller than the water depths. Hence, we use the
linear formulation to simulate the tsunami propagation for
the deep ocean domain. When tsunami-generated waves ap-
proach coastal regions and propagate into shallow water, the
nonlinear convective inertia force and bottom friction effects
become increasingly important. In such a case, the linear ap-
proximation is no longer valid. Therefore, for an adequate
simulation of near-shore tsunami propagation and overland
inundation at the site of interest, we employ the nonlinear
SWEs including bottom friction. We use the adapted ver-
sion COMCOT-Lx (Omira et al., 2009; Omira et al., 2010;
Baptista et al., 2011a) of COMCOT code (Liu et al., 1998)
to solve these equations numerically. This code employs
a dynamically coupled system of nested grids and solves
SWEs using an explicit staggered leap-frog finite differences
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numerical scheme for linear terms and an upwind scheme for
the nonlinear terms (Wang, 2009).

Using a nested grid system, COMCOT-lx is capable of si-
multaneous calculation of tsunami propagation in open ocean
and inundation in targeted coastal zones. In the nested grid
system, the inner (finer grid) region adopts a smaller grid
size and time step and is nested inside an outer (larger grid)
region. In our case, a system of four nested grids is used:
the 5 m resolution grid is nested inside the 20 m resolution
grid, the 20 m resolution grid is nested inside the 80 m reso-
lution grid, and the 80 m resolution grid is nested inside the
320 m resolution grid. At the beginning of each time step,
along the interface of two different regions, the volume flux,
which is the product of water depth and depth-averaged ve-
locity, is interpolated from the outer region into the inner re-
gion. The water surface elevations and the volume fluxes in
the inner region are calculated and the resulting free-surface
elevations are averaged to update those values in the larger
grid, which overlaps the inner region.

In all considered computation domains, the code employs
radiation (or absorbing) boundary conditions, which have the
property that the wave motion passes from one domain to an-
other through the boundaries with small reflections (Broeze
and Van Daalen, 1992). The moving boundary treatment (Liu
et al., 1995), based upon “wet” and “dry” cells, is adopted
to properly track shoreline movements in order to compute
the overland flooding. During the inundation process, we
suppose that both natural and man-made coastal infrastruc-
tures play the role of resistant obstacles, and possible tsunami
damages to these structures are not estimated by numerical
simulations. The interaction tide-tsunami is not considered
in numerical simulations performed in this study.

6 Results

6.1 Near-shore propagation and interaction with
coastal infrastructures

To investigate the behaviour of tsunami waves when ap-
proaching the shoreline and how they interact with coastal in-
frastructures, we analyse detailed tsunami propagation close
to the El Jadida harbour. Figures 5, 6, 7, 8, and 9 present
computed results for all considered scenarios, including re-
gional tsunami energy propagation patterns, and both near-
shore propagations and maximum wave heights. We con-
sider, in our simulations, an entire tsunami propagation time
of 2 h 30 min for all scenarios, taking into account the nec-
essary time for both tsunami arrival and possible overland
propagation.

6.1.1 The Horseshoe (HS) scenarioMw = 8.0

The examination of simulations results indicates that the
tsunami energy from theMw = 8.0 HS scenario (1969-like
event) is mostly steered towards the NW coasts of Morocco

Fig. 5. Tsunami waves’ propagation and near-shore behaviour for
the Mw = 8.0 HS scenario:(a) regional tsunami energy patterns;
(b) snapshots of near-shore tsunami propagation at El Jadida site;
the white arrows indicate the overtopping locations;(c) maximum
wave heights distribution near coasts and the harbour of the studied
area.

(Fig. 5a). This scenario generated tsunami waves that are
mainly stopped by the coastal barriers surrounding the har-
bour (Fig. 5b). As the incident waves approach the harbour,
they encounter the breakwaters leading to reflect the waves
and hence, to disperse the tsunami energy (Fig. 5b). The
computed maximum wave heights from a 1969-like tsunami
event range from 1 to 2.5 m near-shore El Jadida harbour
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(Fig. 5c). These waves, relatively small in terms of ampli-
tude, do not succeed in overtopping the breakwaters, which
shelter the harbour basin against the entrance of tsunami
waves with high energy. On the other hand, results show that
generated waves advance overland in some unprotected areas
(indicated by white arrows in Fig. 5c).

6.1.2 The Horseshoe (HS) scenarioMw = 8.5

As expected, tsunami waves resulting from theMw = 8.5
scenario (1755-like event, Gràcia et al., 2006) cause greater
impact than those generated by the 1969-like event. The
testedMw = 8.5 earthquake scenario located at the HAPZ
triggered a tsunami that overtops the existing breakwaters
and the beach sea-walls. Only the 11 m height wall prevents
the entrance of tsunami waves to the Old Medina. The white
arrows in Fig. 6a indicate the overtopping locations. Close
to the harbour, in spite of the fact that the breakwaters play
a role as an obstacle for incident waves and reflect a part of
them (Fig. 6b), the waves can still overtop the barriers, en-
tering the harbour basin and propagating overland, leading
to significant inundation. Predicted maximum wave ampli-
tudes range from 4 m to about 9 m (Fig. 6c) near-shore El Ja-
dida. These values of wave height justify the overtopping of
breakwaters and other existing coastal barriers as shown in
the computed waves’ propagation snapshots (Fig. 6b).

6.1.3 The Marques de Pombal (MP) scenarioMw = 8.2

TheMw = 8.2 MP scenario, located 100 km off SW Iberia,
is based on a large active tectonic structure that is considered
one of the candidates source for the 1755 event (Zitellini et
al., 1999). Numerical simulations show that theMw = 8.2
MP scenario triggered a large tsunami in the Gulf of Cadiz
region (Fig. 7a). The shallower water depth in the area off
SW Iberia acts as a guide for tsunami energy from the north-
ern area of the MP fault to the southern coasts of Portugal
leading to a lower concentration of tsunami impact along the
Atlantic coasts of Morocco (Fig. 7a). The analysis of near-
shore tsunami waves, generated by this scenario, indicates
that waves with relatively small amplitudes (∼ 2 m) reach the
harbour of El Jadida in spite of the moderate event’s mag-
nitude (Fig. 7b). In view of this, El Jadida protective struc-
tures reflect the tsunami waves with no significant overtop-
ping (Fig. 7c). The wave amplitudes are as high as 3 m in
some locations surrounding the harbour, with some signifi-
cant inundation threats in unprotected areas (white arrows in
Fig. 7b).

6.1.4 The Gorringe Bank (GB) scenarioMw = 8.5

The Mw = 8.5 GB scenario, for which the Gorringe Bank
is in the hanging wall, is considered as a candidate source
for the 1755 Lisbon event (Johnston, 1996). Numerical sim-
ulation shows a tsunami energy steering towards the north as
the Gorringe Bank’s bathymetric feature prevents an efficient

Fig. 6. Tsunami waves’ propagation and near-shore behaviour for
the Mw = 8.5 HS scenario:(a) regional tsunami energy patterns;
(b) snapshots of near-shore tsunami propagation at El Jadida site;
the white arrows indicate the overtopping locations;(c) maximum
wave heights distribution near coasts and the harbour of the studied
area.

propagation towards the Gulf of Cadiz coasts (Fig. 8a). The
analysis of tsunami waves’ propagation near-shore El Jadida
show some similarities in the waves’ behaviour with those
triggered by both the HS and the MP scenarios (Fig. 8b).
These similarities are due to the close location of these seis-
mic faults as well as to the almost similar fault azimuth.
Waves from the GBF (Gorringe Bank fault) reach the near-
shore areas of El Jadida with maximum amplitudes of about
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Fig. 7. Tsunami waves’ propagation and near-shore behaviour for
the Mw = 8.3 MP scenario:(a) regional tsunami energy patterns;
(b) snapshots of near-shore tsunami propagation at El Jadida site;
the white arrows indicate the overtopping locations;(c) maximum
wave heights distribution near coasts and the harbour of the studied
area.

5.5 m (Fig. 8c). These wave height values are considered
small regarding the relatively large magnitude of the sce-
nario. The Gorringe Bank feature plays an important role in
reducing the tsunami energy propagated towards the coasts
of Morocco. In spite of this, the incident waves overtop the
coastal barriers at some locations (white arrows in Fig. 8b),
causing the flood of significant zones of the studied site.

6.1.5 The Cadiz Wedge (CW) scenarioMw = 8.6

The Cadiz Wedge subduction slab was proposed by
Gutscher (2004) as being responsible for generating the 1755
event. Numerical modelling indicates that the location and
azimuth of the CW scenario constrain the tsunami energy
patterns and most energy is steered towards the Strait of
Gibraltar (Fig. 9a). The tsunami caused by this scenario,
compared to the other considered scenarios (i.e. HS, MP, and
GB scenarios), has different characteristics and wave propa-
gation directivity near-shore El Jadida (Fig. 9b). The waves
reach the El Jadida harbour area from northeast without en-
countering, initially, the main harbour breakwater (Fig. 9b).
This fact allows the entrance and propagation of tsunami
waves in the harbour basin with no significant tsunami en-
ergy dispersion due to waves’ reflections. No significant
overtopping of coastal protective structures is computed. Pre-
dicted maximum wave amplitudes range from 1 m to about
3 m (Fig. 9c) surrounding the El Jadida area.

6.2 Inland tsunami inundation and current velocity

This paper investigates also the inland impact resulting from
the tsunami scenario, causing the great impact in the studied
site. The tsunami impact at El Jadida is evaluated through
computing the inundation and current velocity considering
the entire time of propagation (2 h 30 min). Results of numer-
ical computations of maximum flow depth and current veloc-
ity for theMw = 8.5 HS scenario (considered as the1755-like
event that causes the worst impact at El Jadida) are illustrated
in Figs. 10 and 11, respectively.

Predicted maximum flow depths reach∼ 7 m at some lo-
cations of the studied site for theMw = 8.5 HS scenario
(Fig. 10). These maximum values especially concern the
low-lying and unprotected zones. Tsunami waves succeed
in advancing inland as far as hundreds of metres from the
shoreline, and a maximum inundation distance of 850 m is
computed. The beach area and its surroundings are the zones
most affected by inundation. Also, results show that some
coastal structures and buildings are completely flooded by
the incident waves, especially those located at the city beach
and close to the harbour. The large flooded areas as well as
the high values of flow depths, obtained from numerical com-
putations, indicate a high tsunami impact that the studied area
could experience in the case of occurrence of a large tsunami
event in the Gulf of Cadiz region.

When the tsunami approaches the shoreline and starts ad-
vancing overland, one of the components that plays a cru-
cial role in controlling the level of impact is the waves’
current velocity. Figure 11 presents current velocities off-
shore and onshore the coastal area of El Jadida. Predicted
tsunami speeds map (Fig. 11) shows offshore velocities that
range from 6 ms−1 to 14 ms−1. Inside the harbour the cur-
rent velocity is as high as 9 ms−1, while it decreases to about
6 ms−1 in very shallow water areas close to the beach where
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Fig. 8. Tsunami waves’ propagation and near-shore behaviour for
the Mw = 8.6 GB scenario:(a) regional tsunami energy patterns;
(b) snapshots of near-shore tsunami propagation at El Jadida site;
the white arrows indicate the overtopping locations;(c) maximum
wave heights distribution near coasts and the harbour of the studied
area.

the bottom friction becomes increasingly important. Close
to the offshore coastal barriers the current speed exceeds
10 ms−1 at some locations. The high velocities inside the
harbour and close to the defense structures could have de-
structive impact on coastal facilities and boats. On the other
hand, the overland velocities reach 8 ms−1 at some locations
of the studied area. On the sandy beach, the waves’ speeds
are significant and range from 3 ms−1 to about 5 ms−1.

Fig. 9. Tsunami waves’ propagation and near-shore behaviour for
the Mw = 8.6 CW scenario:(a) regional tsunami energy patterns;
(b) snapshots of near-shore tsunami propagation at El Jadida site;
the white arrows indicate the overtopping locations;(c) maximum
wave heights distribution near coasts and the harbour of the studied
area.

Waves with this range of velocity could have a tremendous
impact on coastal buildings, objects on the streets and coastal
population. As expected, results show that significant cur-
rent velocities are computed at the unprotected coastal areas
where no barriers can slow down the tsunami waves. These
speeds decrease behind the protective structures and at the
inundation limits.
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Fig. 10.Overland inundation map for El Jadida-site considering the
Mw = 8.5 HS scenario.

7 Discussion

7.1 Tsunami propagation

It is clear that the bathymetry of the propagation domain, the
fault location and its strike (azimuth) are the main factors that
constrain the tsunami energy distribution and wave heights
steering (Figs. 5a–9a). For the HS, MP, and GB scenarios
having close locations, NW of El Jadida site, the near-shore
tsunami propagations present some similarities in character-
istics and directivity. When tsunami waves triggered by these
scenarios approach the El Jadida coast, they are affected by
the shallow bathymetry, leading to similarities in the direc-
tivity of propagation in spite of the difference observed in
the tsunami energy patterns at a regional scale as well as
tsunami arrival time (Figs. 5b–9b). The exception concerns
the CW scenario, for which the tsunami propagation near-
shore has different directivity from the other considered sce-
narios. This is mainly due to the location of this source NE
of El Jadida site causing tsunami propagation and energy pat-
terns totally different compared to the other sources even in
the shallow areas of El Jadida. Among all considered scenar-
ios, theMw = 8.5 HS scenario seems the most effective in
radiating the maximum tsunami energy towards the studied
site, leading to the worst impact at El Jadida.

7.2 Tsunami impact at El Jadida

Results of numerical simulations indicate a great impact due
to tsunami waves at El Jadida for theMw = 8.5 HS sce-
nario. The high tsunami impact at this coastal segment of
Morocco resulted from various factors that include (i) the
shoaling effect that is very important due to long extension of
the shallow platform, (ii) the flat topography that allows the
tsunami to advance overland and flood large areas, (iii) the
poor design of the sea-barriers and the lack of coastal sea-
defense structures that can prevent the tsunami inundation,

Fig. 11.Computed current velocities offshore and within the inun-
dated area of El Jadida considering theMw = 8.5 HS scenario.

and (iv) the presence of numerous streets perpendicular to
the coastline which channel the tsunami flood.

Offshore structures such as breakwaters are the first struc-
tures that interact with tsunami waves. These protective
structures, if they are strong enough, can withstand the im-
pact and limit the tsunami damage and causalities. They can
also reduce the tsunami energy by slowing down and/or re-
flecting the incident waves. At El Jadida site, results of the
near-shore behaviour of tsunami waves show that the break-
waters play a crucial role in dispersing the tsunami energy
of the various scenarios, namely theMw = 8.0 HS (1969-
like event), theMw = 8.2 MP scenarios and theMw = 8.6
CW. On the other hand, these structures failed to prevent the
overtopping of waves generated by some 1755-like tsunami
events (Mw = 8.5 HS andMw = 8.5 GB scenarios). This
clearly indicates that sea-defenses at El Jadida site are not
designed for extreme tsunami cases. Moreover, we can con-
clude that in the case of a 1755-like or greater event, waves
can easily overtop the coastal barriers and succeed in in-
undating large areas. Therefore, these infrastructures, which
could perform well at least for small tsunamis, should benefit
from measures of maintenance and conservation because the
re-design of new sea-barriers is usually very costly.

Overland flow depths, predicted in the case of a 1755-like
event (Mw = 8.5 HS scenario), are so high that they com-
pletely flooded several structures among the existing build-
ing stock. Most buildings along the El Jadida coast, except
those of the Old Medina, are engineered reinforced concrete
(RC) structures. This fact can play a positive role in limiting
the damage due to the impact of tsunami waves as well as
reducing the risk of total destruction and collapse. Accord-
ing to Yeh (2007), the buoyant forces of a tsunami concern
especially buildings of small resistance to upward forces and
have no significant effects on RC structures. This fact was
observed for the wooden dwelling houses carried away by
the Japan tsunami of 11 March 2011. On the other hand, the
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Fig. 12. Overland Impact at El Jadida due to a 1755-like tsunami
event:(a) maximum flow depths distribution considering the exist-
ing coastal protective structures and buildings;(b) maximum flow
depth without coastal defense structures and buildings. The dashed
black lines in Fig. 8b represent the protective structures that are con-
sidered in the case with coastal structures (Fig. 8a) and that are not
taken into account in the case without coastal structures (Fig. 8b):
(1) breakwaters, (2) Medina wall, and (3) beach sea-walls.

post-tsunami analysis of damage in Japan coastal buildings
revealed that trapped air may cause substantial up-lift forces
even in RC buildings (Suppasri et al., 2012). Hence, the oc-
currence of a 1755-like tsunami event could cause massive
damages even for RC buildings at El Jadida. Moreover, the
number of tsunami casualties in this highly occupied area
could increase due to the absence of evacuation plans and
shelters.

If we assume that the coastal barriers and structures are
robust enough to resist to tsunami waves’ impact, the risk of
inundation could be reduced due to dissipation of tsunami
energy when interacting with these structures. In Fig. 12,
we present a comparison of tsunami inundation area and
limits for two different cases with (Fig. 12a) and without
(Fig. 12b) coastal structures of the studied site, considering
the Mw = 8.5 HS scenario as a 1755-like event. The case
with coastal infrastructures consists of using a digital ter-
rain model that incorporates, in addition to the coastal to-
pography, the existing present-day coastal barriers and build-
ings. For the case without infrastructures, we use only the
topography with no man-made structures to compute inun-
dation parameters. A comparison between results in Fig. 12a
and b clearly indicates that the presence of coastal infras-
tructures (barriers and buildings) substantially reduces the
tsunami impact in terms of flow depth, inundation area and
flood distance. Close to the harbour, the maximum inunda-
tion distance is∼ 500 m for the case with coastal structures
(Fig. 12a), while it reaches∼ 900 m for the case without
coastal structures (Fig. 12b). At a location behind the sandy
beach of the city, we compute a flood distance of∼ 300 m
if coastal structures are considered and∼ 950 m if not. Also,
over 3 km2 of the studied area is flooded when no coastal
structures are considered and only an area of∼ 1.8 km2 is
inundated if these structures are taken into account.

In addition to flow depths, the tsunami current velocity
is a crucial factor that controls the level of damage within
the flooded area. During the Tohoku-oki tsunami, the high
speeds generated strong tsunami currents that carried floating
objects and even cars. This fact increases the debris impact
forces of the tsunami that are known as a dominant cause of
structures destruction (Yeh, 2007). In the study area, the av-
erage predicted overland flow speed is about 3 ms−1. Within
the flooded area, the tsunami current velocity is relatively
high, from 3 ms−1 to over 5 ms−1, at the sandy beach and
low-lying unprotected zones (Fig. 11). Generally, people in
such unprotected areas are more exposed to high tsunami
waves and strong current velocities. On the other hand, re-
sults show that flow speeds become small in the zones be-
hind protective structures and close to the limits of inunda-
tion. These areas, even though inundated, might be consid-
ered safe.

The flow speed is normally constrained by the bottom fric-
tion (Omira et al., 2011) and the presence of obstacles that
can slow down the tsunami waves. Therefore, areas with
high flow speeds do not always correspond to areas with
high flow depths. This fact is clearly illustrated in Figs. 10
and 11 where inundation depths are maximal close to the
beach while current velocities are not. This is due to the
fact that the tsunami interacts first with the breakwaters (see
Fig. 6) and then propagates in the shallow bathymetry, lead-
ing to slowing down the waves.

It is important to mention here that the present work suf-
fers from two main limitations: (i) the coastal structures are
considered only as obstacles and the expected tsunami dam-
age on those sea-defenses and coastal buildings is not evalu-
ated; and (ii) the tide near-shore El Jadida is not considered,
with which wave heights could increase due to the interaction
tsunami-tide, allowing for a high risk of inundation even for
small or moderate tsunamis (although the possibility of si-
multaneous occurrence of high tide and tsunami worst-case
scenario is very low). This limitation could be overcome by
simulating the scenario with the proper tide. In spite of these
limitations, the present paper gives insight into the perfor-
mance demands that existing sea-defense structures face to
tsunami overtopping as well as the tsunami impact along the
Atlantic coasts of Morocco for different tsunami wave con-
ditions.

7.3 The need of tsunami preparedness and warning
system in the region

In the Gulf of Cadiz coastal areas, various studies have been
addressed to investigate tsunami impact (Lima et al., 2010;
Omira et al., 2011; Baptista et al., 2011a), and the area’s vul-
nerability (Omira et al., 2010). These works and this paper
show the high level of destruction that coastal areas of Mo-
rocco, Portugal and Spain could experience following the oc-
currence of large regional tsunami events, and hence the need
for robust TWS in the region to mitigate the tsunami hazard.
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On the other hand, the relatively low occurrence frequency of
earthquake-triggered tsunamis in the region, as the last catas-
trophic event happened∼ 250 yr ago, makes the justification
of the implementation of an end-to-end TWS in the region
more difficult. However, the experience of the 2004 Suma-
tra tsunami event highlighted the fact that infrequency does
not mean total absence of threat of occurrence of devastating
tsunami events (Lavigne et al., 2009). This raises the follow-
ing question: should we wait for a devastating tsunami event
in the region before mobilizing for the implementation of an
end-to-end TWS?

The tsunami hazard in the Gulf of Cadiz region, which
is an important component of a TWS, is well established
through the elaboration of the historical tsunami catalogs
(Baptista and Miranda, 2009; Kaabouben et al., 2009; Blanc,
2009), the definition of the tsunamigenic scenarios (Omira
et al., 2009), the identification of tsunami deposits (Ruiz et
al., 2005; Font et al., 2010; Medina et al., 2011; Costa et al.,
2011), and the estimations of the waves’ impact (Omira et
al., 2010, 2011; Lima et al., 2010; Baptista et al., 2011a).
Moreover, major efforts have been addressed to enhance the
seismic network to cover areas around the Azores-Gibraltar
plate boundary, and in particular the Cadiz Gulf region. In
this region, the tsunami detection component is missing, es-
pecially its deep ocean part, as the coastal tide gauges net-
work is relatively dense even though only a few stations are
operating in real time.

Omira et al. (2009) investigated the design of a sea-level
tsunami detection network in the Gulf of Cadiz region in
order to provide a maximum warning time to the impacted
coasts. This study promotes a particular TWS for the re-
gion that is based on a DART-like network and tide-gauge
sensors. Both specificity of tsunamigenic potential and nu-
merical modelling of tsunami triggered by most credible
earthquake scenarios in the region were taken into account
by Omira et al. (2009) to define the appropriate way for
tsunameters deployment. For criteria of DART station loca-
tions choice, they also considered the fact that the warning
time is a function of the tsunami travel time, delays in sea-
level data transmission, and delays for tsunami detection and
confirmation. A network of three DART-like stations, as the
minimal number of offshore sensors, is proposed to detect all
possible tsunamis triggered by most credible earthquake sce-
narios in the region as well as to provide a maximum warning
time for the threatened community. For the coastal segment
of El Jadida, Omira et al. (2009) showed that a warning time
of 30–35 min is expected if DART offshore stations are de-
ployed. Providing such warning time is of great importance
for a tsunami evacuation process in the studied area.

On the other hand, the implementation of a robust tsunami
early warning system does not mean the total safety for
people in the vulnerable coastal areas, especially because
the region suffers from local and regional tsunami threat.
Those people must be prepared to act appropriately in case
of tsunami alert. Also, public education programmes allow-

ing the proper response to tsunami disaster case must be im-
plemented. Moreover, the tsunami mitigation programme in
the region should include evacuation plans, refuge areas and
in-place vertical evacuation buildings.

8 Conclusions

Effectiveness of sea-defense structures in prevent-
ing/reducing the tsunami inundation has been investigated
for El Jadida, Morocco. Various tsunami scenarios of
different earthquake magnitudes, from 8.0 to 8.6, have been
considered in order to generate different tsunami wave
conditions near-shore. Tsunamis triggered by theMw = 8.0
HS and theMw = 8.2 MP scenarios failed to overtop the
existing coastal barriers that play an important role in dissi-
pating the energy of incident waves. In the considered cases
of higher scenarios magnitudes (>= 8.5), the generated
waves caused significant overtopping of coastal structures of
the studied area. The tsunami impact in terms of inundation
from the Mw = 8.5 HS scenario is the worst among the
considered scenarios. A greater earthquake, with respect to
its location and azimuth, will, therefore, cause a dramatic
tsunami impact and flooding in the studied area.

Construction of new sea-walls and barriers along the stud-
ied area is expensive and requires high-maintenance costs
with no insurance of safety. One of the important lessons
learned from the 11 March 2011 Japanese tsunami is that
the construction of robust coastal barriers does not mean total
safety for the endangered population. Therefore, more efforts
in the studied area, as along all coasts of the Gulf of Cadiz,
must be addressed to tsunami education and awareness of
the coastal population. Such kind of preparedness can reduce
human losses in case of occurrence of catastrophic tsunami
events. Also, measures can be taken to provide coastal build-
ings with in-place vertical evacuation. This can support the
TWS expected for implementation in the region.

The implementation of an end-to-end TWS in the north-
east Atlantic region remains a priority as it is the most realis-
tic way to provide an acceptable level of safety to the coastal
population in the Gulf of Cadiz. The need for this system in
the region is addressed in detail in the recent works of Omira
et al. (2009) and Baptista et al. (2011b) in which a possible
design of the TWS is proposed and efforts taken by coun-
tries of the region on the establishment of regional TWS are
highlighted.
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