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Abstract: Portugal has had several large tsunamis in the past, yet Oeiras municipality has not
implemented mitigation strategies and awareness to the general public, to the authors” knowledge.
In addition, Oeiras has 10 beaches that are very popular among residents and tourists, who can
become at high risk of a potential tsunami if they do not evacuate from the low ground areas on time.
Thus, the tsunami numerical model of the 1755 event was carried out to calculate the inundation,
complemented with a field survey, in order to assess the tsunami evacuation conditions of the beaches.
The results show the tsunami hits Oeiras municipality 26 to 36 min after the earthquake, inundating
all the beaches. The local tsunami hazard classification is Low on 3 beaches, Moderate on 1 beach,
High on 5 beaches, and Critical on 1 beach. In addition, there are no tsunami evacuation signs to
guide the people to move to higher ground. Therefore, it is important to conduct mitigation strategies
to avoid and reduce fatalities in a future tsunami.
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1. Introduction

The seismic activity in Portugal (mainland area and offshore) is considered moderate,
generating few daily earthquakes, with a magnitude less than 6.5 [1,2]. Still, the area
has generated large earthquakes, with magnitudes higher than 6.5 that occurred in 1531,
1722, 1755, 1858, 1909, and 1969 [3]. Among these events, 1755 was the worst disaster,
causing more than 12,000 fatalities due to the earthquake, fire (in Lisbon and Setubal), and
tsunami [4]. In fact, the 1755 event has been the worst disaster that occurred in Portugal till
now, which as of 10 March 2022, caused 21,285 dead in the country [5].

The location of the tsunami source area of the 1755 earthquake and tsunami has been
the focus of many publications. Different authors using several methodologies, over differ-
ent periods of time, carried out the identification of sediment records and turbidites [6-11],
seismo-tectonics [12-23], seismic moment assessment [24], seismic intensity analysis and model-
ing [25-27], tsunami wave ray analysis and tsunami numerical model applied at the regional
scale (propagation) [28], and tsunami numerical model applied at the local scale (inundation)
combined with field survey [3,29]. All these publications indicate the earthquake’s magnitude
would be My, = 8.7, with the earthquake and tsunami source area located on the Gorringe Bank
(Figure 1a). This is the largest bathymetry structure in the area, being about 200 km long by
80 km wide, with the shallowest point of this bank reaching almost the surface of the ocean, at
about 25 m deep.

The Oeiras municipality (Figure 1a) has approximately 46 km?, and it belongs to
Lisbon Metropolitan Area. The Land Use map [30] shows the 10 local beaches (Figure 1b).
Those beaches occupy less than 0.3% of the territory, which is quite artificial (about 65.3%),
with some land for agriculture and pasture (about 15%), bush and forests (about 19%),
and water (0.24%). The residents and visitors are attracted to the coastline, especially to
the beaches that are very popular all year, but mostly during summer. In addition, the

J. Mar. Sci. Eng. 2022, 10, 1120. https:/ /doi.org/10.3390/jmse10081120

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10081120
https://doi.org/10.3390/jmse10081120
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-6677-0425
https://doi.org/10.3390/jmse10081120
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10081120?type=check_update&version=1

J. Mar. Sci. Eng. 2022, 10, 1120

20f12

existence of a large and continuous sidewalk on the beaches, and many restaurants, and
bars make the beaches popular during day-time and night-time periods. Moreover, there
are several marinas that are provided with nautical centers allowing fishing and other
maritime activities. It is rather the high level of tourism and coastal activities that make the
coastal community of Oeiras at high risk if exposed to a tsunami. On the other hand, to
the authors” knowledge, Oeiras stakeholders have not implemented educational activities
regarding evacuation procedures, mitigation strategies, and risk awareness to the general
public. For these reasons, it is fundamental to analyze whether or not the beach users have
safe conditions to evacuate in an emergency, particularly in the occurrence of an earthquake
with large a magnitude (higher than 7.5) followed by a tsunami. Nevertheless, a basic
tsunami scenario is already contemplated in the Municipal Emergency Plan [31] that needs
to be reviewed and updated.
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Figure 1. Geographical Framework of the study area: (a) location of Oeiras municipality; (b) details
of the Land use [30] and the location of the beaches.

Therefore, the objective of this study is to carry out the tsunami numerical model at
the local scale (inundation) at the Oeiras municipality, by considering the 1755 tsunami.
The goal is to then apply a criterion for tsunami hazard classification in order to assess the
evacuation conditions of the beaches, combined with a field survey. With this research, the
authors hope to contribute to tsunami preparedness in Oeiras and the construction and
implementation of tsunami hazard maps. Moreover, the information will be disseminated
to the civil protection and spatial planning agents in order to improve the safety of the
coastal communities in a future tsunami, by updating the municipal emergency plans.

2. Materials and Methods

The tsunami modeling was carried out by using the TUNAMI-N2 code of Tohoku
University which considers the non-linear shallow water equations, discretized with a
staggered leap-frog finite difference scheme [32]. The governing equations, written in
Cartesian coordinates, are:
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M and N are the discharge fluxes, and u and v are the velocities, in the x and y
directions, respectively. D is the total water depth, 1 is the sea surface elevation, h is the still
water depth, and g is the acceleration due to gravity. The bottom friction was considered
with Manning’s roughness coefficient of n = 0.025.

The equations were applied to a nesting of five computational regions, where each
region has a progressively smaller area and finer grid cell size, being included in the
previous computational region, as shown in Figure 2. The first region is the largest and has
a cell size of 729 m (Figure 2a). Then, regions two, three, and four have cell sizes of 243, 81,
and 27 m, respectively (Figure 2b). Region five has a cell size of 9 m and includes detailed
bathymetry and topography (Figure 2c). The computational region 5 reproduces the local
coastal features of Oeiras municipality, including narrow streams and marinas. During the
construction of each region, several bathymetry charts [33-35] and topographic maps were
used [36]. In addition, on computational region five, tsunami inundation will be calculated,
on which the local bathymetry and topography are read, in comparison to the height of
the wave, at each computational grid point. This method has been used to study many
tsunamis over the past 25 years. As examples of recent research, the code was applied to
the 2004 Indian Ocean Tsunami [37] as well as the 2011 Tohoku Tsunami [38].
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Figure 2. Conditions of the numerical model setting in Oeiras municipality: (a) Computational
region 1 and initial sea surface displacement of the 1755 tsunami; (b) Computational region 2 and the
placement of regions 3 and 4; (c) details of computational region 5.
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The co-seismic displacement of the seafloor is transferred to the sea surface displace-
ment because the rupture process of an earthquake is usually much shorter than the
tsunami wave period. The source model of the 1755 tsunami considered in this study
follows the earthquake fault parameters proposed by several authors [3,24,27-29], located
on the Gorringe Bank, with origin at 12.3° W, 36.5° N, a length of 200 km, width of 80 km,
strike of 60°, dip of 40°, slip of 12.1 m, and focal depth of 8 km. These parameters are in
agreement with the seismo-tectonics of the area [12-23] and consistent with the seismic
intensity analysis [25,26]. Then, the initial sea surface displacement of the tsunami was
calculated by using the Okada formulas [39], on region 1, which conducted to a maximum
uplift of about +6.0 m and a subsidence of—0.4 m (Figure 2a).

After the numerical model results are obtained on computational region 5, a hazard
matrix is used (Figure 3) where a criterion is applied to classify the maximum water level
height into the susceptibility of water level, and the travel times into the susceptibility of
travel time. These are combined in order to obtain a tsunami hazard classification [29].
In addition, a field survey was carried out in May and June 2022 in order to assess the
local tsunami hazard, which evaluated the evacuation conditions at the local scale. The
authors visited the beaches and identified the location of their exits and the overall safety
conditions, such as the existence of an open area located on high ground and outside the
inundation zone.

Criterion for tsunami hazard assessment at regional scale

Water level height . Travel time e L
Classification 5 Classification
(m) (min)
0-2 Very low 0-20 Critical
2-5 Low 20-30 High
5-10 Moderate 30-40 Moderate
10—-15 High 40-50 Low
Morethan 15 Critical Morethan 50 Very low

Tsunami hazard matrix

Water level

eight Very low Moderate Critical
Travel time
Critical Moderate Critical Critical
High Moderate | Moderate Critical
Moderate Low Moderate | Moderate
Low Low Low Moderate | Moderate
Very low Ver Low Low Moderate | Moderate

Tsunami hazard assessment at the local scale

Tsunami Hazard
Easy Very low Low Moderate Critical

evacuation pat

No Low Moderate Critical Critical

Yes Verylow | Low

Moderate Critical

Figure 3. Criterion for tsunami hazard (Adapted from [29]).

3. Results and Discussion

The tsunami numerical model results calculated in region 1, showing the tsunami
propagation, are presented in Figure 4. The water level snapshots show how the tsunami
waves spread out from the tsunami source area over the selected computational region 1.
The first tsunami wave reached the Portuguese coastline within about 15-20 min after the
earthquake, and at about 60 min the tsunami hit the entire Portuguese coastline, which is
consistent with previous tsunami numerical modeling results at the regional scale [28] and
local scale [3,29]. Moreover, the tsunami propagation behaves in the same way as in [28],
with an animation of the numerical model [40].
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Figure 4. Water level snapshots on computational region 1: (a) 20 min; (b) 40 min; (c) 60 min.

The tsunami numerical model carried out on computational region 5 includes the
tsunami inundation at Oeiras. The water level snapshots (Figure 5) show that 30 min after
the earthquake (Figure 5a) the beaches of Torre (1) and Santo Amaro de Oeiras (2) are
already completely inundated. At 35 min after the earthquake (Figure 4b) the first tsunami
wave hit the entire coastline of Oeiras. Then, from 40 min all the low ground areas (at about
3 m above mean sea level) are completely inundated, including some stretches of Marginal
Avenue and the railway.
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Figure 5. Water level snapshots of the 1755 Tsunami on computational region 5: (a) 30 min; (b) 35 min;
(c) 40 min; (d) 45 min.

These results show the Oeiras beaches are inundated within 35 min after the earth-
quake, therefore people must evacuate the beaches immediately after the earthquake to
higher ground. However, this problem has been addressed by several authors [41] who
have shown there are delays in the evacuation: (i) time to detect an event and assess the
threat may vary between 5 min [42], 7 min [38] and 15 min [43]; (ii) time of each individual
to make a decision is estimated as 13 min [44]. Therefore, it is fundamental that evacuation
exercises are conducted on a regular basis in order to train muscle memory [45] so that the
number of fatalities may be reduced if a tsunami occurs.

The water level time series are presented in Figure 6. As a complement to the water
level snapshots, these plots show the tsunami water level variation over a computational
time of 90 min, on six virtual tide gauges. The results show there was one major wave
hitting the Oeiras municipality, except at Santo Amaro de Oeiras beach (2) where two
waves were obtained. The results show the first wave arrives within 26 to 36 min after
the earthquake, with about 4 m height on all the stations. In addition, these results show
there is a water level elevation of about 2 m height till the 90 min, showing that beach
users should remain on higher ground and not return to the beach for at least 2 h after
the earthquake.
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Figure 6. Water level time series at Oeiras coastline.

The maximum water level height calculated in region 5 is presented in Figure 7a, with
a mean of 3.2 m and a standard deviation of 0.8 m, showing that a tsunami similar to the
1755 event would have a significant impact on the coastline. The results also show the
absolute maximum water level is located at Torre Beach (1), with values ranging from 7.7 m
to 9.3 m, and local maximum water levels are obtained at the beaches of Santo Amaro
de Oeiras (2), with values ranging from 6.0 to 6.6 m, Caxias (6) with 6.0 to 6.9m, and Sao
Bruno (7) with 6.0 to 6.2 m, showing there are local amplifications on these areas. These
amplifications are mainly due to the impact of the first wave combined with the local
configuration of the marina at Torre beach (1), and the coastline of the beaches of Santo
Amaro de Oeiras (2), and Caxias (6) and Sao Bruno (7). As a complement, the graphs of the
water level time series presented in Figure 6 show that the first wave is about 4 m.
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Figure 7. Tsunami numerical model results of the 1755 Tsunami on computation region 5: (a) maxi-
mum water level; (b) inundation depth.

The inundation depth (Figure 7b) at Torre beach (1) ranges from 0.1 to 7.6 m (maximum
value). At Santo Amaro de Oeiras beach (2), the inundation depth ranges from 0.72 to 5.6 m,
overtopping Marginal Avenue, inundating the low ground area and the Lage Stream up
to 4.5 km inland. A stretch of about 445 m of this road is completely inundated, and for
this reason, the road should not be used for evacuation purposes. The railway passes the
area over a bridge located more than 10 m above the local ground and therefore does not
represent a risk to the tsunami.
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The highest inundation depth values calculated at the beaches of Fontainhas (3), Pago
de Arcos Beach (4), and Old Pago de Arcos Beach (5) are 3.3 m, 4.4 m, and 3.9m, respectively.
The inundation depth at Caxias beach (6) reaches 6.5m, and at Sao Bruno beach (8) 5.4 m,
inundating the beaches, overtopping the Marginal Avenue and the railway, the Barcarena
Stream and the low ground areas 870 m inland.

In the vicinity of the Pago de Arcos beach (5), the Marginal Avenue is inundated till
the Sao Bruno beach (7), with a total of 2.2 km. In addition, the railway at Sao Bruno
beach (7) is inundated for about 340 m. These results show these infrastructures could not
be operational, making the possible rescue of survivors more difficult.

The inundation depth at Cruz Quebrada beach (8) reaches up to 4.3m, and the tsunami
travels about 980 m upstream of the Jamor River. From this beach to Algés (10) the Marginal
Avenue and the railway are inundated for about 2.2 km. Thus, the Marginal Avenue is
inundated for a total stretch of about 4.5 km, and the railway for about 2.5 km. Finally,
the inundation depth at the beaches of Dafundo (9) and Algés (10) are 4.3 m and 4.1 m,
respectively. Near these beaches the inundation depth is quite low, less than 0.3 m, still
people should evacuate the area before the arrival of the first wave.

These results show that people must evacuate the beaches, since research from the
2004 Indian Ocean Tsunami demonstrated that when the inundation depth is higher than
2 m the casualties will increase [37].

Following the tsunami hazard matrix (Figure 3), the susceptibility of travel time is
classified as High (Figure 8a) on beaches of Torre (1), Santo Amaro de Oeiras (2), and
Fontainhas (3), and as Moderate on the remaining coastline. Thus, as mentioned above,
beach users, particularly on these 2 beaches, should start evacuating immediately after the
earthquake. In addition, the susceptibility of maximum water level (Figure 8b) is Moderate
nearby the beaches of Torre (1), Santo Amaro de Oeiras (2), Caxias (6), and Sao Bruno
(7). On the other hand, vessels that are not anchored in the marinas should evacuate to
deeper waters.

Topography
m
H 102

0

Barcarena Jamor (b)
Streanb Rive

—— Marginal Avenue
— Railway

Lage
stream
Tsunami Hazard Classification
m Very low

0 Low

m Moderate

m High

m Critical

Figure 8. Tsunami hazard classification at Oeiras from the 1755 tsunami: (a) susceptibility of travel
times; (b) susceptibility of water level; (c) tsunami hazard.
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This result shows the exposure to a tsunami increases due to local amplifications on
these areas. The combination of both susceptibilities lead to the tsunami hazard classi-
fication (Figure 8c) of High at the beaches of Torre (1) and Santo Amaro de Oeiras (2);
Moderate in the beaches of Old Pago de Arcos (5), Caxias (6), Sao Bruno (7), Dafundo (9)
and Algés (10); and Low in the beaches of Fontainhas (3), Pago de Arcos (4), and Cruz
Quebrada (8).

The field survey results show the coastal area of Oeiras does not have any tsunami
evacuation signs indicating the Meeting Point and evacuation routes. The survey also
showed that the Torre beach (1) has 3 exits with large ramps (Figure 9a) and stairs that allow
a quick and safe evacuation. The beach also has several parking lots nearby, providing
enough area for beach users to evacuate before the arrival of the first tsunami wave. Thus,
the local tsunami hazard is classified as High (Figure 10a).

. Underpassage
Ramp

Figure 9. Field survey results: (a) 1-Torre beach; (b) 2-Santo Amaro de Oeiras beach; (c) 3-Fontainhas
beach; (d) 6-Caxias beach; (e) 7- Sdo Bruno beach; (f) underpass of 9-Dafundo beach and 10-Algés beach.

The Santo Amaro de Oeiras beach (2) is the largest beach in Oeiras having the capacity
to accommodate about 4500 people. It has at least five exits, most of which are under
passages to cross the Marginal Avenue (Figure 9b). However, the tsunami inundates the
beach, overpasses the Marginal Avenue, and inundates the low ground area up to 4.5 km
inland. In addition to the lack of open areas nearby the beach, the sidewalks are too
narrow for a quick evacuation in an emergency. Therefore, the local tsunami hazard is
Critical (Figure 10a) since it is unlikely that all beach users could evacuate safely, before the
arrival of the first wave. The authors already contacted the civil protection of Oeiras who
are willing to collaborate with the authors to discuss mitigation strategies to implement
in the area, which includes the production of educational materials and organization of
information sessions and workshops for the general public.

The Fontainhas beach (3) is a small beach with a large open area nearby located on
high ground, outside the inundation area. The Pago de Argos beach (4) has five exits and
also has a large open area nearby located on high ground, outside the inundation area.
Both beaches have large ramps (Figure 9¢) as exits allowing a quick evacuation. The Cruz
Quebrada beach (8) is also a small beach with one exit, and it has high ground nearby.
Still, people should evacuate these three beaches immediately after the earthquake, and the
tsunami hazard classification is Low.
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Figure 10. Local tsunami hazard classification at Oeiras beaches: (a) details of the beaches of Torre (1),
Santo Amaro de Oeiras (2); Fontainhas (3), Paco de Arcos (4), and Old Paco de Arcos (5); (b) details of
the beaches of Caxias (6), and Sao Bruno (7); (c) details of the beaches of Cruz Quebrada (8), Dafundo
(9), and Algés (10).

The Old Pago de Arcos beach (5) is a small beach with only one underpass to cross
Marginal Avenue and the high ground nearby. Nevertheless, beach users must evacuate
immediately and orderly after the earthquake to leave the inundation zone within 30 min
after the earthquake. The local tsunami hazard is moderate.

The beaches of Caxias (6) and Sao Bruno (7) are very close to each other, and for that
reason, they share the same exits: there are two exits to cross Marginal Avenue and the
railway: an underpass (Figure 9d) and pedestrian crossing the Marginal Avenue when the
traffic light is red, then passing over the railway (Figure 9e). Although there is high ground
nearby, the configuration of these exits may cause some confusion to beach users, and for
that reason, the local tsunami hazard on each beach is High (Figure 10b). The authors
already contacted the civil protection of Oeiras to inform them about these results, and an
evacuation exercise is planned in order to test the emergency plan [31].

The Dafundo (9) and Algés (10) beaches are quite large, located on the low ground
area (about 4 m above mean sea level). In addition, the only exit nearby (Figure 9f) is
located more than 600 m, which is an underpass to Marginal Avenue and the railway.
Although there are several buildings in the area, they are not prepared to be used as a
vertical evacuation. In addition, this area is used for music concerts, especially during
the summer, with several thousands of participants. Given the present day conditions, if
a tsunami occurs, most people will be trapped and caught by the tsunami. Due to these
limitations, the local tsunami hazard is classified as High (Figure 10c) on both beaches.

The Oeiras stakeholders are aware of these situations, and for that reason, have created
a project to construct a large pedestrian overpass. However, due to the restrictions of the
COVID-19 Pandemic [46—48], it has been postponed for almost two years. On the other
hand, the overpasses and underpasses may be destroyed during an earthquake. This
situation may cause chaos during the evacuation. In fact, in some cases, people may be
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trapped, without any escape. This situation has also been reported to stakeholders. These
authorities are willing to collaborate with the authors to discuss and implement other
social disaster mitigation strategies on these beaches. These may include the production
of educational materials, the organization of information sessions, and workshops for
the general public. Furthermore, the installation of tsunami evacuation signs and other
early warning devices were also discussed, since they are very important to hazards
mitigation [49,50].

4. Conclusions

The tsunami numerical model of the 1755 event was carried out as the worst case
scenario, with the tsunami source area located at the Gorrige Bank. The results show the
tsunami hits Oeiras municipality 26 to 36 min after the earthquake, inundating all the
beaches. Most of the beaches have higher ground nearby, located outside the tsunami
inundation zone. Still, people have to start evacuating immediately after the earthquake. In
addition, the field survey showed the crossing of Marginal Avenue and railway by under
or an overpass may cause some delay in the evacuation since in some cases the passages
areas are narrow. The Marginal Avenue and the railway are inundated on several stretches
with a total affected length of about 4.5 km and 2.5 km, respectively. The results also
show the coastal area of Oeiras does not have any tsunami evacuation signs indicating
the Meeting Point and evacuation routes to higher ground, which may cause confusion
and chaos during an evacuation. In addition, the results show the local tsunami hazard
classification is Low on the beaches of Fontainhas (3), Pago de Arcos (4), and Cruz Quebrada
(8), Moderate on Old Pago de Arcos beach (5), High on the beaches of Torre (1), Caxias
(6) Sao Bruno (7), Dafundo (9), and Algés (10), and Critical on Santo Amaro de Oeiras
beach (2), which show it is important to conduct mitigation strategies in order to avoid and
reduce fatalities in a future tsunami.

The Oeiras stakeholders are aware of these situations and therefore the construction of
a large overpass has been planned. In addition, these authorities are willing to collaborate
with the authors to discuss social mitigation strategies to implement in the area as well as
the installation of early warning devices.
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