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Evaluating Tsunami Impact on the Gulf of Cadiz Coast (Northeast Atlantic)

R. OMIRA,1’3 M. A. BAPTISTA,I’Z and J. M. Miranpa'

Abstract—The Gulf of Cadiz coasts are exposed to tsunamis.
Emergency planning tools are now taking into account this fact,
especially because a series of historical occurrences were strikingly
significant, having left strong evidence behind, in the mareographic
records, the geological evidence or simply the memory of the
populations. The study area is a strip along the Algarve coast, south
Portugal, an area known to have been heavily impacted by the 1
November 1755 event. In this study we use two different tsunami
scenarios generated by the rupture of two thrust faults identified in
the area, corresponding to 8.1-8.3 magnitude earthquakes. Tsunami
propagation and inundation computation is performed using a non-
linear shallow water code with bottom friction. Numerical mod-
eling results are presented in terms of flow depth and current
velocity with maximum values of 7 m and 8 m/s for inundation
depth and flow speed, respectively. These results constitute a
valuable tool for local authorities, emergency and decision planners
to define the priority zones where tsunami mitigation measures
must be implemented and to develop tsunami-resilient
communities.

Key words: Tsunami, Gulf of Cadiz, inundation maps,
current velocity.

1. Introduction

Tsunamis originated from different triggering
mechanisms are reported along the Atlantic coasts of
Europe since prehistoric times. The Storegga sub-
marine slide circa 8,000 years ago (BoNDEVIK et al.,
2003, 2005) in the Norwegian Sea is the oldest well-
established event, whereas for the Gulf of Cadiz,
Northeast Atlantic, the oldest described paleo-tsu-
nami is dated 7000 BP (LuQue et al., 2001). The
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largest tsunami event eye-witnessed in the area is the
one associated with the Lisbon 1755 earthquake
(BAPTISTA et al., 1998a, b, 2003). It struck the Iberian
and the North African coasts, severely damaging
coastal communities, as described by a large number
of historical documents that testify the impact of the
tsunami waves. These littoral areas are now the
location of vital sectors of the economy and tourism,
are intensely populated, and the damage from a 1755-
like event could be much greater.

Previous paleotsunami (LUQuE et al., 2001, 2002)
and historical (BaptisTaA and MiranDa, 2009) studies
focused on the Gulf of Cadiz region show that there is
enough evidence to support the existence of events
similar to the 1 November 1755 tsunami in Lisbon in
the historical period. LuQuE et al. (2001) identified
three tsunami-generated deposits and also deduced an
average interval of about 2,000 years between two
consecutive events. In light of these results, the likely
tsunami recurrence period for 1755-like events is
considered quite large. In the twentieth century three
tsunamis impacted the area caused by earthquakes of
magnitudes close to 8 (BApTisTA and MIRANDA, 2009):
25 November 1941 (M = 8) (BUForN et al., 1988)
and 28 February 1969 (M, = 7.9) (Fukao, 1973);
these and the 26 May 1975 (M, = 7.9) (KAABOUBEN
et al., 2008) events testify that the tsunami is a real
menace in the Gulf of Cadiz, and thus the protection
of the coastal areas of the region should be a priority.

To protect coastal communities against the tsu-
nami threat, beside a reliable tsunami warning
system, evacuation planning in the vulnerable areas is
of crucial importance. Such plans require the avail-
ability of inundation maps that provide estimates of
the expected damage-prone areas, the spatial distri-
bution of flow depth and the current velocity within
the flooded zone. The deterministic tsunami hazard
approach based on particular source scenarios is the



1034 R. Omira et al.

well-established tool to derive such inundation maps
(TNt and ArmiGLiaTO, 2003).

In this study we employ the most credible tsun-
amigenic scenario approach together with numerical
modeling to assess the tsunami hazard and impact
along the Algarve coastal region in southern Portugal.

The study area corresponds to a 15-km strip along
the coast (cf. Fig. 1a, b for locations), which includes
the towns of Lagos and Portimdo with 30,000 and
50,000 inhabitants, respectively. The area is charac-
terized by sandy beaches that are crowed during the
high tourist season, when the population can easily
double. The tide gauge data recorded during the 28
February 1969 (BapTisTa et al., 1992; HEINRICH et al.,
1994; GIEVIK et al., 1997) and the simulation results
of the 1755 event (BapTISTA et al., 1998b) show that
this area is the first to be struck by tsunamis generated
in the Gulf of Cadiz. Moreover this was one of the
most devastated areas by the tsunami of 1 November
1755 (Castro, 1768). The effects of the 1755 tsunami
in the area are described in detail by BAPTISTA et al.
(2008), Baptista and MiranDA (2009), and PEDROSA
and GoNcAaLVEs (2008).

Tsunami impact is presented in terms of maxi-
mum wave heights (MWHs) and high-resolution
inundation and current velocity maps. Both linear and
non-linear approximations of shallow water equations
were adopted to simulate the deep-ocean tsunami
propagation and the near-shore inundation, respec-
tively. Moreover, a sensitivity study related to the
influence of the bottom friction on the variation of the
maximum flow depths and the current velocities was
carried out using three different values of Manning’s
coefficient.

Results show that both scenarios produce a dra-
matic tsunami impact along the whole study area.
Major variations in the maximum flow depth, inun-
dation limits and current velocity have been observed
when the bottom friction coefficient is changed.

2. Tsunami Scenarios

To investigate the impact of tsunami events in the
Gulf of Cadiz it is necessary to define the seismic
scenarios able to generate tsunamis in the area. In this
study we employ the concept of typical fault to infer
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the Maximum Credible Earthquake Scenarios (MCE).
Typical faults are defined from all positively identi-
fied submarine structures in the Gulf of Cadiz large
enough to generate tsunamigenic earthquakes, adding
the following additional criteria: (1) having been
identified by seismo-stratigraphic research, (2) pro-
viding clear identification of quaternary activity and
(3) having been deduced from instrumental seismic
data (MIRANDA et al., 2008; OMIRA et al., 2009a).

Recent studies focused on tsunami impact in
selected areas in the Gulf of Cadiz, Casablanca in
Morocco (OMIRA et al., 2009b) and Huelva in Spain
(LA et al., 2010), considered a set of five different
typical faults. In this study we focus on two typical
faults, both thrusts, that we consider the most relevant
candidate sources: the Marques de Pombal fault
(MPF) and Horseshoe fault (HSF) [cf. Fig. 2 and
discussion in OMIRA et al. (2009a) and Liva et al.
(2010)]. The fault characteristics and the computed
earthquake magnitudes are specified in Table 1. The
scaling relationship of ScHoLz (1982) that is based on
fault lengths and length/width relations was used to
fix the slip magnitude. The magnitude shown in
Table 1 is obtained from the dimensions and slip of
the fault following the seismic moment definition of
Aki (1966) and the M,-M,, relation defined by
Kanamor1 and ANDERsON (1977). For tsunami mod-
eling, the geometry of the candidate sources is
simplified to a rectangle (cf. Fig. 2 for locations) for
the computation of seafloor initial deformation.

3. Modeling Inundation and Current Velocity

Tsunami hydrodynamic modeling was done with
a slightly modified version of the Liu et al. (1998)
COMCOT code (OMIRA et al., 2009a, b) that uses an
explicit leap-frog finite difference scheme to solve
linear and non-linear shallow water equations on a
dynamically coupled system of nested grids. The
Coriolis effect is not considered in this study given
the relatively small computation region in which the
earth rotation effect is not prominent. Nested grids
have resolutions of 800, 200 and 50 m, respectively,
in order to assure a good description of bathymetric
and topographic features in the area. The finer grid is
focused along the Lagos-Portimdo south Portuguese
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Location of the study area. a Regional overview of the SW Iberian margin. b Localities referred to in the fext. ¢ Bathymetric and topographic
data used in the numerical modeling. All coordinates correspond to the UTM system, Zone 29, and are expressed in meters

coast. The digital terrain model (DTM) (bathymetry/
topography) of the Lagos-Portimao area (Fig. 1c) was
generated from a compilation of multisource height/
depth data from multibeam surveys, digitized bathy-
metric charts and digital cartographic data. The final
data set is referenced to the mean sea level, and all
grids are in Cartesian coordinates (UTM 29), which
are sufficiently accurate, given the size of the study
area. The coupling between a sub-grid and their
parent grid follows the requirements of WANG and Liu

(2007) and Lu et al. (1998). In the outer grid an open
boundary radiation condition is used.

The static vertical displacement of the ocean floor
due to the submarine earthquake scenario is modeled
using the MANsINHA and SMYLIE (1971) homogenous
elastic half space approach, as implemented in the
Mirone suite (Luis, 2007). Slip in the source is con-
sidered non-homogeneous, following the smooth
closure condition of Geist and Dmowska (1999). For
run-up and inundation computations, a moving
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Figure 2
Typical faults used in the study. MPF Marques de Pombal fault; HSF Horsehoe fault. As a background the bathymetric data are plotted every

200 m

Table 1

Fault parameters of the simulated tsunamigenic scenarios in the Gulf of Cadiz region

Scenarios name L (km) W (km) Epicenter coordinates D (km) Slip (m) Strike (°) Dip (°) Rake (°) u (Pa) M,,
Lon (W)  Lat (N)

MPF 129 70 9°53'24"  36°34'26" 4.0 8.0 20.0 35 90 3.0 x 10" 8.1

HSF 165 70 9°54'47"  35°47'45" 4.0 10.7 42.1 35 90 3.0 x 10" 83

MPF Marques de Pombal fault, HSF Horseshoe fault, L the fault length in kilometers, W the fault width in kilometers, D the depth from the
sea bottom to the top of the fault in kilometers; u the shear modulus and M,, the moment magnitude

boundary scheme to track the moving shoreline (Liu
et al., 1995) is adopted. To parameterize the effect of
the bottom friction in both shallow water and flooded
areas, the Manning coefficient, which varies with the
bottom roughness, is used in the numerical model.

The impact of tsunamis generated in the Gulf of
Cadiz is analyzed along the coastal areas of south
Portugal using the computed MWH, maximum flow
depth and current velocities.

4. Results and Discussion

Tsunami modeling results were processed to
obtain the spatial distribution of MWH as well as the
inland maximum flow depths and flow velocities for
the Lagos-Portimao region. MWHs were computed in
the parent grid to show the large-scale tsunami

energy direction toward the Gulf of Cadiz coasts.
However, inundation and current velocity computa-
tions were conducted in the high-resolution grid to
evaluate the local tsunami impact.

4.1. Maximum Wave Height

The results of MWH computations for MPF and
HSF are presented in Figs. 3a and 4a, respectively.
Examination of these results shows that both scenar-
ios steer tsunami energy toward the coastal areas of
the Algarve region. The MPF generates large waves
of 2-7-m amplitude along the southern Portuguese
coast. However, the impact of the HSF in this area,
compared to the one of MPF, is less with a MWH of
4 m. It is clear that the fault strike constrains the
tsunami energy distribution. At first order, the
tsunami amplitude is maximal in the direction
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perpendicular to the fault strike, but when the wave
reaches the near-shore, the bathymetry affects the
wave form and the shallow water amplifies the wave
amplitude. For such reasons, the results of the
spatial distribution of MWH indicate a concentra-
tion of the maximal tsunami energy in the Algarve
coastal region for MPF and a radiation of the
maximal tsunami energy toward northwest Morocco
for the HSF. Also, the shallower depths SW of Cap
San Vicent (Fig.2) act to guide tsunami energy
from the northern area of the MPF fault to the
Algarve coast (Fig. 3), whereas the orientation and
more southerly location of the HSF fault (Fig. 4)
does not allow this to happen, or at least to a much
less extent.

It must be added that in spite of the scenarios’
relatively modest (~8) magnitude (Table 1), the
initial sea surface displacements resulting from the
proposed earthquake mechanisms reach 7 m. This is
primarily due to two main reasons: (1) the shallow
rupture mechanism and (2) the spatially varying slip
distribution. GeisT and Dmowska (1999) show that the
distributed slip affects the initial wave profile, giving
wave amplitude that is greater than that for a uniform
slip distribution, and it therefore affects the tsunami
wave field away from the source region. Such effects
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are particularly important for local tsunamis, as is the
case in the Gulf of Cadiz, where the resulting tsunami
run-up is significantly affected by the initial wave
profile (Geist and Dmowska, 1999).

4.2. Mapping Inundation: Effect of Bottom Friction

Figures 3b and 4b show the spatial distribution of
inundation and flow depths overland in the Lagos-
Portimao area for the two proposed earthquake
scenarios considering different bottom friction con-
ditions. These results do not take into account the
tide. Both scenarios produce large inundations within
the study area. Clearly, the threat posed by the MPF
scenario is greater than the one posed by the HSF
scenario with respect to the Manning coefficient used.
As expected, the changing of the bottom condition
affects the maximum flow depth considerably.
Figures 3b.1-3 and 4b.1-3 illustrate the variation of
the flow depth with different Manning coefficients
(n = 0.000; 0.015 and 0.030). The case with no
bottom friction (n = 0.000) represents the worst case
of flooding in terms of flow depth and inundation
limits for each tested scenario (Figs. 3b.1, 4b.1). In
this case, tsunami flow depths vary from 1 to 7 m and
from 0.5 to 5 m at the Lagos-Portiméo site for MPF

Figure 3
Results of the propagation and run-up modeling for the Marques de Pombal fault
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Figure 4
Results of the propagation and run-up modeling for the Horseshoe fault

and HSF, respectively. These values decrease con-
siderably and vary from 0.5 to 4.5 m and from 0.2 to
3 m for MPF and HSF, respectively, when a large
bottom friction is considered (n = 0.030) (Figs. 3b.3,
4b.3).

In Fig. 5, we also present the effect of the variation
of the bottom roughness on the computed inundation
limits for the MPF scenario at the Lagos-Portimao site.
The inundation limits are clearly distinguished. From
these results, it can be easily observed that the flooded
area decreases when the bottom friction increases. A
maximum inland inundation distance of 1.10 km is
reached for no bottom roughness; on the other hand, at
the same location, distances of 1.0 and 0.80 km are
computed for the values of 0.015 and 0.030 of
Manning’s coefficient, respectively.

The flat topography and the presence of streams in
the area contribute to increasing the flooded area.
Other factors, such as the earthquake source param-
eters, earthquake location and near-shore bathymetry,
also control the variation in flow depth in the Lagos-
Portimdo sector. As expected the inundation param-
eters (run-up and maximum inundation distance)
obtained with zero Manning’s coefficient are greater
than those obtained with Manning’s coefficients of
0.015 and 0.030.

The use of n = 0.000 for Manning’s coefficient
may overestimate the inundation parameters in the
area for a tsunami scenario corresponding to an
8.1-8.3 earthquake, but it can also be considered as
an approximation to the worst case scenario. How-
ever, various natural and man-made obstructions
exist, which were not included in the DTM model;
such obstructions could dissipate the tsunami energy
and consequently reduce the run-up (WUETUNGE,
2009). The inclusion of the effects of vegetation,
buildings and other structures in modeling inundation
remains difficult.

4.3. Current Velocity: Effect of Bottom Friction

The sensitivity of the overland current velocity to
the variation of the bottom roughness is investigated,
and the results are illustrated in the Fig. 6. These
results present the impact of the MPF scenario at the
site of Lagos-Portimao in terms of overland current
speed. The effect of the bottom roughness on the
computed flow speed is considerable. For the case
with no bottom friction (n = 0.000), the maximum
current speed exceeds 8 m/s at some locations
(Fig. 6a). This value of overland flood velocity
decreases and reaches 6 and 3 m/s for Manning’s
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Figure 5
Comparison of inundation areas computed for three different values of the Manning coefficient (n = 0.000, 0.015 and 0.030) for the MPF
scenario

coefficients of 0.015 and 0.030, respectively (Fig. 6b,
¢). Waves of such velocities could have devastating
consequences on coastal communities and buildings.

According to an experimental study by TAKAHASHI
(2005), at locations where the flow depth exceeds
0.5 m, generally people cannot remain standing if the
current velocity exceeds 1.5 m/s. Current velocity
computation results obtained for different bottom
friction conditions (Fig. 6a—c) show values much
larger than 1.5 m/s at most locations in the studied
area, thus indicating that the Lagos-Portimdo com-
munities are exposed to a major tsunami threat. We
note here that the computed flow speed may be
overestimated due to the fact that the numerical
simulations were done over bare land with a uniform

distribution of the bottom friction, and both natural
and man-made obstacles were not included. On the
other hand, the presence of buildings within the
flooded area could channel the flow and consequently
increase the flow velocities locally, as occurred
during the Sumatra event of 2004.

4.4. Comparison with Historical Data

The comparison of the model results with the
reported historical data for the 1755 event must
consider the fact that: (1) the tsunami scenarios used
in this study correspond to earthquakes of 8.1 and 8.3
magnitudes, which are smaller than the estimated
magnitude for the 1755 event, and (2) the land and
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Results of the water current velocity computed for three different values of the Manning coefficient (n = 0.000, 0.015 and 0.030) for the MPF
scenario

waters near the shoreline and the harbor have
undergone significant changes since the late eigh-
teenth century, including dredging and construction
of the harbor, marinas and breakwaters.

Given these two points, we compared the
inundation results corresponding to the MPF sce-
nario (for n = 0.00) with the historical reports,
only to check the likelihood of our results (see
Figs. 7, 8). The analysis of Fig. 7 shows that the
highest flow depths and maximum inundation
distance (MID) values occurred in the Alvor and
Portimdo areas.

Examination of Fig. 8a indicates that in the area
west of the Lagos town center, the mean inundation
distance reaches 500 m, with a local maximum
inundation depth of 6 m. MDJF (1756 in BaprisTA
and MIraNDA, 2009) described the 1755 event at the
Lagos site as: “(...) the sea entered onshore 7 poles
high; the very strong city walls suffered this misfor-
tune(...);” another report from an eyewitness
described “the sea rising up till 13 and a half palms
(~7 m) high” (BaptisTa and MirANDA, 2009). These
reports correlate well with the computed results, if we
consider that the quoted value of ~7 m corresponds
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Inundation map for the study area resulting from the MPF earthquake scenario with a n = 0.000 Manning’s coefficient; flow depth scale in
meters
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Flooding maps and computed inundation distances for the MPF
earthquake scenario with a n = 0.000 Manning’s coefficient. Insets
for Lagos (a), Alvor (b) and Portimio (c)

to the maximum flow depth observed for the 1755
event.

Figure 8b shows that the computed MID values at
Alvor reach 700 and 860 m, and the local maximum
flow depth is 7.3 m. These results are in agreement
with reported inundation distances for the 1755 event
indicating a value of 600 m (Lopes, 1841; PEDROSA
and GoNcALVES, 2008).

For the area of Portimdo (Fig. 8c) the maximum
flow depth value of 8 m is computed at a distance of
circa 100 m from the shoreline. In this area the rivers
and the streams act as wave channels causing the
flooding of the river/stream banks within 3 km from
the shoreline. A similar phenomenon is reported by
Castro (1768) for the 1755 event: “In the town of
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Portim3o (...) alarming/formidable waves run upstream
more than one league.”

5. Conclusion

We simulated the coastal inundation and the over-
land current velocity for two tsunamigenic scenarios.
Both scenarios produce significant flow depths and
current velocities. The areas where the small Algarve
rivers reach the ocean, due to their morphological
characteristics, with relatively large shallow areas,
will sustain most of the inundation and damage.

We investigated the sensitivity of the inundation
limit and the flow speed with respect to the bottom
friction coefficients used (n = 0.000, 0.015 and 0.030
in this study). As expected, both the flow depth and
speed decrease when the bottom friction increases,
but in all cases the inundated area is significant.
When compared to the historical descriptions of the
1755 event, our numerical model shows values
somehow lower than the maxima described in his-
torical documents; this is in agreement with the fact
that our target magnitude was 8.1-8.3, while the 1755
event is supposed to have been generated by a
8.5-8.7 earthquake.

As noted previously by Liva et al. (2010) the tide
level in the area is relevant, 3—4 m, thus affecting the
flooding distances, flow depths and run-up. This fact
should be taken into account in tsunami risk studies,
although we know that the probability of simulta-
neous occurrence of a high tide and tsunami worst
case scenario is very low. The Lagos-Portimdo
coastal segment is the location of some of the more
popular beaches, which are crowded during the
summer, and this study clearly shows that these will
be inundated, up to 7 m in height, with flow veloci-
ties in the range of 3-8 m/s. These results together
with the very short tsunami travel time to the coast
must be taken into account by emergency planners in
the design of evacuation routes.
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