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Abstract. The devastating impact of the Sumatra tsunamil Introduction
of 26 December 2004, raised the question for scientists

of how to forecast a tsunami threat. In 2005, the 10C- Sjnce the Boxing Day tsunami of 2004 (Mw=9.3), the disas-
UNESCO XXIII assembly decided to implement a global ter, which caused more than 250 000 deaths, there has been
tsunami warning system to cover the regions that were nohn increased awareness of the threat posed by tsunami waves.
yet protected, namely the Indian Ocean, the Caribbean andcientists, supported by governmental and humanitarian or-
the North East Atlantic, the Mediterranean and Connecteranizations’ have been mobilized to find a way to protect and
seas (the NEAM region). Within NEAM, the Gulf of Cadiz warn the endangered populations. As a result, the number of
is the more sensitive area, with an important record of devtsunami monitoring stations around the world is increasing.
astating historical events. The objective of this paper is toThe Intergovernmental Oceanographic Commission (I0C) of
present a preliminary design for a reliable tsunami detectionyNESCO, by its XXIlI-14 resolution, decided to establish
network for the Gulf of Cadiz, based on a network of sea-an |ntergovernmental Coordination Group to implement a
level observatories. The tsunamigenic potential of this re<tsunami warning system (TWS) for the North East Atlantic,
gion has been revised in order to define the active tectoniqyediterranean and connected seas (ICG/NEAMTWS).
structures. Tsunami hydrodynamic modeling and GIS tech- In the Pacific Ocean, the TWS has been in place since
nology have been used to identify the appropriate Iocationsl%S_ Today, the system utilizes a network of seismic sta-

for the minimum number of sea-level stations. Results ShOWtions and another network of coastal gauges and tsuname-
that 3 tsunameters are required as the minimum number of, ¢ (DART (Deep-ocean Assessment and Reporting of
stations necessary to assure an acceptable protection to th%unamis) sensors, or cable ocean bottom stations) to de-

large coastal population in the Gulf of Cadiz. In addition, 29 . t5;nami waves. Following the catastrophic tsunami event

tide gauge statiqns could be necessary to fully assess the %T 26 December 2004, the construction of a TWS was initi-
fects of a tsunami along the affected coasts of Portugal, Spaieq i the Indian Oceans with the enhancement of the seis-

and Morocco. mic and sea-level networks, in particular the deployment of
5 tsunameters off West Sumatra and South Java, and tens
of new tide gauges and seismic stations. This system was
officially launched recently by the Indonesian authorities.
Since 2005, the Indian Ocean and Caribbean regions have
been covered by interim systems, which were provided by
PTWC (Pacific Tsunami Warning Center) (Indian Ocean and
Caribbean), JMA (Japan Meteorological Agency) (Indian
Ocean) and WC/ATWC (West Coast/Alaska Tsunami Warn-
ing Center) (Gulf and North-West Atlantic). The NEAM re-

Correspondence tdR. Omira gion remains today as the only area of the world that has not
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Tsunamis are considered a major risk in the Gulf of Cadiz, In summary, the assessment of tsunami hazards by
due to the peculiar geological context (i.e., at the westerndecision-makers at Tsunami Warning Centers (TWC) re-
end of the Nubia-Eurasia plate boundary), and also the higlguires collection and interpretation of precise data related to
coastal vulnerability. The extensive occupation of coastal artsunamis generation, propagation and impact on coastlines.
eas in the surrounding countries (Portugal, Spain and Mo-An effective TWS must consist of two main observation and
rocco), the enormous influx of tourists during high seasonanalysis networks: (i) a seismological network to evaluate
and the large economic value of harbors and other coastdhe parameters of potential tsunamigenic earthquakes, (ii)
facilities increase considerably the vulnerability to tsunamisea level observations by coastal and deep water tide gauges
impact in this region. This region has been the place of(tsunameters) to confirm the occurrence of a tsunami.
several tsunamis, like the well-known event of 1 Novem- Previously, to design the installation of the TWS, ex-
ber 1755 (Baptista et al., 1998a, b). Other smaller tsunamigensive studies of the seismic potential of the area were
were recorded in the area during the 20th century on theneeded to evaluate the locations and generation mechanism
25 November 1941, 28 February 1969 and 26 May 1975for the earthquake sources capable of generating destructive
The analysis of the 1969 tsunami event was presented imsunamis. This information helps to specify tsunami gener-
former studies (Baptista et al., 1992; Heinrich et al., 1994;ation scenarios. Also crucial is knowledge of deep ocean
Gjevik et al., 1997). The recent revision of the Portuguesetsunami dynamics, the tsunami time of arrival at the at-risk
tsunami catalogue (Baptista and Miranda, 2009) presentedoasts and the near-shore tsunami waveform for the tsunami
the only witness observations of the waves arriving in land.scenarios.

At least a dataset of 13 tide records were obtained and pro- Recent studies have addressed the problem of how to de-
cessed in order to locate the tsunami source (Gjevik et al.ploy tsunameters in an effective way to detect tsunamis gen-
1997). The strongest amplitude was observed at the tide starated by different source lengths assuring adequate cover-
tion of Casablanca, Morocco and significant tsunami ampli-age (Gonzalez et al., 2005; Schinglet al., 2008). These
tudes were recorded in Cascais (close to Lisbon) and Farastudies propose equally spaced tsunameters’ networks for
Portugal. Therefore, development of a TWS for the Gulf of different regions: the Pacific and the Eastern Mediterranean
Cadiz is imperative, not only for regional, but also for local area. Gonzales et al. (2005) have proposed a network of 25
tsunami threat. The implementation of a TWS can considerto 50 tsunameters to cover the known tsunamigenic zones
ably decrease the number of lives lost if a tsunami occurs. in the Pacific of about 9000 km in length. Their strategy

All TWSs that have been developed to the present detecis based on the consideration that a tsunameters spacing
only those tsunamis that are caused by large magnitude eartlef 200—400 km is required to assess the energy beam of a
quakes and so their operation must rely firstly on an effectiveM8 tsunami event. More recently, Schinédedt al. (2008)
seismic network operation. For tsunami sources close to théave presented a design of a sea-level monitoring network
coast the seismic network must provide information on lo-for the Western Mediterranean basin. They have considered
cation and moment magnitude 5 min after the onset of thehe whole North African coast as a continuous seismic re-
earthquake, at the least. JMA, relying on a dense seismigion of approximately 1500 km in length and proposed a net-
network and a mostly automatic system can provide this in-work of 13 tsunameters with a spacing of 50-90 km located
formation for the Japanese coasts as soon as 1.5 min aftaround 50 km away the shoreline. However, in the Gulf of
the onset of the earthquake (H. Mikada, personal commu<Cadiz area, no large continuous tsunamigenic region, similar
nication, 2008). These seismic parameters trigger the firsto those considered in the previous studies, can be consid-
message from the TWS to the civil protection authorities byered. Therefore, only a methodology that takes into account
applying a decision matrix that has been defined previoushthe specificity of the tsunamigenic potential in the Gulf of
based on historical and past information, complemented byCadiz area can provide a reliable tsunami detection network
hydrodynamic modeling. for such region.

The degree of certainty of the first information is quite low,  This study seeks to present the steps necessary to establish
since itis known that only a few of the large magnitude earth-an effective tsunami warning system in the Gulf of Cadiz.
quakes do, indeed, generate tsunamis. In order to be effeékhe TWS design process begins with an assessment of the
tive, the TWS must confirm that a tsunami has been gentsunamigenic potential in the region by identifying the active
erated or not, and measure its wave height. To accomplistectonic structures. It is completed by the design of a sea-
this, the TWS must observe in real-time the sea-level disturievel detection network based on numerical computations of
bances that have been generated by the propagating wavesaéep ocean tsunami dynamics and GIS technologies. The
the tsunami. The commonest and simplest observations argtudy adopts a specific strategy for the tsunameter installa-
those that are made at coastal tide-gauges, but they do ntéibn based upon three main criteria: (i) the maximization
provide advance warning for the coastal areas that are closef advance warning time, (ii) the coverage of all of the area
to tsunamigenic sources. In order to provide full coveragewhere a tsunami could be generated and, finally, (iii) the in-
to the affected coasts, the TWS must detect and observe th&tallation conditions. The latter include flat bottom topog-
tsunami in deep water, long before the waves reach the shoreaphy and the “safe” distance of station location from the

Nat. Hazards Earth Syst. Sci., 9, 132338 2009 www.nat-hazards-earth-syst-sci.net/9/1327/2009/
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seismic source. These criteria are proposed to control the s
assessment of the optimal tsunameters’ locations in order tc
maximize the warning time and minimize the sensors num-
ber. Moreover, additional coastal tide gauge stations are rec:
ommended in site-specific of major tsunami impact and min-
imum tsunami travel time.

2 Tsunamigenic earthquake potential in the
Gulf of Cadiz

To forecast future tsunamigenic earthquakes in the Gulf of
Cadiz area, it is necessary to first define the seismogenic sce
narios, as well as the associated fault parameters. The ap " AZW = =
proach that we choose was to gather the best informatiorllz_ 1. Potential t o dih di
available in order to establish the main seismic active fea- 'J; - ©oental Isuhamigenic source zones and the corresponding

. e e L typical faults in the Gulf of Cadiz region. Source zones (red poly-
tures. We consider all positive identifications of significant

. b . d | I ons); GBZ: Gorringe bank zone; HMZ: Horseshoe/Marques de
neotectonic submarine structures and re-evaluate all scenaf,mp,| zone; AZ: South Algarve zone and ABZ: Alboran wedge

iO_S presented up to now to tempt.ativgly explain the seis-gjap zone. Typical faults (black traces); GBF: Gorring Bank fault;
mic and tsunami observations of historical events known toMpF: Marques de Pombal fault, HSF: Horseshoe fault, PBF: Porti-

stroke the Portuguese, Spanish and Morocco coasts. Coarsgao Bank fault and CWF: Cadiz Wedge fault.
segmentations of the potential tsunamigenic source zones
(TSZs) were designed. The Maximum Credible Earthquake
(MCE) and the associated Typical Fault (TF) were definedand, possibly, the upper mantle too (Stich et al., 2005), by
for each zone. TFs to be considered for each SZ shouladneans of high-angle reverse faults (Medialdea et al., 2004;
(i) have been positively identified by seismo-stratigraphic re-Iribarren et al., 2007).
search or at least deduced from morphostructural analysis of Most damaging earthquakes and tsunamis that have af-
swath bathymetry data; (ii) provide a clear indication of qua- fected the coasts of Portugal, Morocco and Spain were prob-
ternary activity or (iii) have been deduced from instrumental ably generated in the SWIT (SW Iberian Transpressive Do-
seismic data. main) zone. Within the SWIT, four individual TSZs have
The Gulf of Cadiz developed as a result of the interac-been identified (Fig. 1). They are the Gorringe Bank (GBZ),
tion between the southern end of the Iberia palaeo-marginthe Horseshoe/Marques de Pombal (HMZ), the South Al-
the westward displacement of the Gibraltar arc, and the congarve (AZ) and the Alboran wedge Slab (ABZ). Five typi-
vergence of the African and Eurasian plates. Since the upeal faults have been identified within the four source zones.
per Miocene period, the collision between the African and They are: the Gorringe Bank fault (GBF) (Johnston, 1996),
Eurasian plates has caused a compression in the N-NW dithe Marques de Pombal Fault (MPF) (Zitellini et al., 1999),
rection (4ihlke et al., 2004). At the same time, the Alboran the Horseshoe Fault (HSF) (&ria et al., 2003; Matias et al.,
domain migrated towards the west forming the Betic-Riffean2005), the Portimao Bank Fault (PBF) (Baptista et al., 2003)
orogenic belt, and forming the Gibraltar arc, thrusting overand the Cadiz Wedge Fault (CWF) (Gutscher et al., 2002,
the continental margins of Iberia and Africa. This emplace-2006). Their locations are specified in Fig. 1. In each source
ment of the orogenic front caused a series of overthrustedone a Maximum Credible Earthquake (MCE) was designed.
allochthonous wedges over the eastern part of the Gulf ofThis MCE was associated with a typical fault in each source,
Cadiz. These allochthonous units were later reactivated andenerating the maximum credible tsunami scenario for each
new wedges were emplaced successively in the central anfhult. Compared to tsunamigenic faults that have been iden-
western parts of the Gulf of Cadiz by a combined mechanisntified by geological studies in the region of the Gulf of Cadiz,
of mass gravity sliding and collapse along the slope, and latethe dimensions of TFs that are considered in this study have
reactivated tectonically due to the N-NW convergence (Me-been extended in order to be in agreement with the magni-
dialdea et al., 2004). These two tectonic mechanisms im{ude attributed to the corresponding MCE. To obtain the slip
ply two different structural behaviors in the Gulf of Cadiz: magnitude, the scaling relationship of Scholz (1982) that is
(1) in the eastern part, from the Horseshoe Abyssal Plain tobased on fault lengths and Length/Width relations has been
wards the Gibraltar Arc, a mixture of thin-skinned and thick- used. The sources, GBF, HSF and PBF are considered to be
skinned tectonics comprising westward thrusting of the up-thrusts. Thus, we have used a fixed dip of.39he CWF
per sedimentary units and the whole crust, respectively, andource that correspond to the basis of an accretionary wedge
(2) in the western part, towards the Gorringe Bank and Corals considered to have a minimum dip ¢f &n agreement with
Patch, thick skinned tectonics compressing the whole crusGutscher et al. (2006). The dip for PBF source was obtained

www.nat-hazards-earth-syst-sci.net/9/1327/2009/ Nat. Hazards Earth Syst. Sci., 93322009
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and from 4 W to 17 W. The tsunami MWH calculation was

/ V—JE'\T o J!b:tla done based on an adapted version of the Cornell Multigrid

. - | , - Coupled Tsunami Model (COMCOT) (Liu and Cho, 1994;

= /-” ‘ ., / Liuetal., 1995, 1998), which we have named COMCOT-Lx.

| /m“ ] /m The code uses an explicit Ie_ap-frog finite difference s_cheme
! " i - ¢ S i to solve both linear and nonlinear shallow water equations on
, e 1 - a dynamically coupled system of nested grids. Due to the fact
. ’ B o ;/\ that inundation and runup calculations are beyond the scope

,& i -— - of this study (where non linear effects are important) we used
4 4 the linear shallow water approximation and an 800 m resolu-

/‘ . y tion bathymetry grid without nesting. The time step used
! Ly M Atriea for tsunami simulations was 0.5 s and the computations were

)

. J"
i
CWF A
y

// r
.~ Africa

Initial sea surface displacement in meters

2 4 0o 1 2 3 4
(a): Gorringe Bank Scenario

(b): Horseshoe Scenario

(c): Marques de Pombal Scenario
(d): Portimao Bank Scenario

(e): Cadiz Wedge Scenario

s

&

carried out for 7200 s. The bathymetry model was gener-
ated from the GEBCO one-minute grid and bathymetric data
from the SWIM compilation (Zitellini et al., 2009). Then the
data were merged into a unique database and transformed to
WGS84/UTM coordinates (fuse 29). The COMCOT-Lx ver-

sion was benchmarked using Catalina Island Meeting case
tests (3rd Workshop on Long-wave Runup Models, 2004).
Fig. 2. Initial sea surface perturbation for each tsunami scenario inlt was noted that the model reproduces good results for dif-
the Gulf of Cadiz{a) Gorring Bank scenariqb) Marques de Pom-  ferent benchmark tests #1, #2 and #3. The code was also
bal scenario(c) Horseshoe scenarifd) Portimao Bank scenario, tested using the 28 February 1969 tsunami event as a bench-
(e) Cadiz Wedge scenario. mark case; the results obtained in form of wave amplitude
and tsunami travel time were in good agreement with those
i ) ) . . presented in Heinrich et al. (1994) and Gjevik et al. (1997).
from seismography studies (P. Terrinha, private communica-  gjgyre 2a—e shows the computed initial sea surface dis-
tion, 2006). The fault characteristics for the worst tSunami- y13cements due to submarine earthquake scenarios. In spite
genic earthquake scenarios are specified in Table 1. The mags the scenarios’ magnitude, which is relatively medis®,
nitude shown in Table 1 s obtained from the dimensions andy,e jitial sea surface displacement can be as high as 7m
sllp of the fault following the seismic mo_ment definition of_ for the average slip values listed in Table 1. This is due to
Aki (1966) and the Mo-Mw relation defined by Kanamori gpaiow rupture mechanisms and also the discretized slip dis-
and Anderson (1977). tribution. The distributed slip affects the initial wave profile,
giving a wave amplitude that is greater than that for a uniform
slip distribution (Geist and Dmowska, 1999). It therefore af-
fects the tsunami wave field away from the source region.
Such effects are particularly important for local tsunamis,
as it is the case in the Gulf of Cadiz, where the resulting
Understanding how tsunamis are generated and propagategunami runup is significantly affected by the initial wave
in the Gulf of Cadiz will help decision-makers in a TWS profile (Geist and Dmowska, 1999). The established initial
to determine how future tsunami disasters can be miti-sea surface perturbations are used to generate the tsunami
gated. In this study, the initial sea surface perturbationpropagation and, then, to evaluate MWH distributions in the
generated by the typical faults considered has been comstudy region.
puted using the homogeneous half space elastic approach The results of MWH computations for each tsunamigenic
(Mansinha and Smiley, 1971; Okada, 1985).A discretizedscenario are presented in Fig. 3a—e. As expected, the tsunami
dip-directed slip distribution along the fault plane is adopted,amplitude at first order, is maximal in a direction perpendic-
following the smooth closure condition that is described in ular to the fault strike (Titov et al., 1999). For all source sce-
Geist and Dmowska (1999). For all candidate scenariosnarios, except the Gorringe Bank one (scenario a), tsunami
the slip indicated in Table 1 corresponds to the averageenergy is steered toward the Gulf of Cadiz. However, dif-
slip value. The source fault geometry has been simplifiedferent parameters, such as the fault orientation (strike an-
to a rectangle. Maximum wave heights (MWH) are com- gle) and the near-shore bathymetry control the distribution
puted for each tsunamigenic scenario in order to provide siteof tsunami energy along the shorelines. This is why MWH
specific predictions of tsunami impact on the Gulf of Cadiz results show areas where the tsunami energy is less important
coasts. The grid model for simulation of tsunami propaga-(Lisbon and surrounding areas) than in others. In summary,
tion, which corresponds to an 800 m resolution bathymetryit is evident from these results that the coasts in the study
grid of 1501x 1626 grid-points, extends from 308l to 42° N region are exposed to a major threat of tsunami. Coastal

A3 El L) 7

3 Tsunami hydrodynamic modeling

3.1 Maximum wave height computations
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Table 1. Typical fault parameters of candidate tsunamigenic scenarios in the Gulf of Cadiz region. 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 kilometethe shear modulus and,,: the moment
magnitude.

Scenarios L w Epicenter coordinates D slip Strike Dip Rake M, Source
name (km) (km) Lon Lat (km) (m) <0 @) @) (Pa) Zone
GBF 127 60 —11.332 36.665 5.0 83 2330 35 90 3m% 81 GBz
HSF 165 70 —9.913 35.796 4.0 10.7 42.1 35 90 3000 83 HMZ
MPF 129 70 —9.890 36.574 4.0 8.0 20.0 35 90 30010 81 HMZ
PBF 105 55 -8.585  36.314 25 72 2663 24 90 20010 80 Az
CWF 168 200 -—8.059  35.407 5.0 10 3490 5 90 %000 86 ABZ

3.2 Tsunami travel time, detection time and warning
time estimations

(@) \

/ > Spain
i 3\

3.2.1 Tsunami travel time estimation

Tsunami forecasts should provide information about
tsunamis well before the first wave strikes a threatened com-
munity. For this reason the estimation of the tsunami’s ar-
rival time constitutes an essential step when building a TWS.
Here, the tsunami travel time (TTT) has been estimated using

5 /\\“\l‘ \“ “ H | “l | ‘ ‘; : .
L& ‘

K / B portigal ’ Portugal the ray tracing technique, which simulates the horizontal dis-
il " S e © Spam placement of the sea surface perturbation using a linear long
' ‘\\ wave approximation. Such an approximation is the most ap-
( )\}ﬁ propriate for TWS because it gives a faster tsunami arrival
S // = time to a given shoreline and therefore it is suitable to fore-
%//mm cast the worst case concerning the TTT.
B Moo The computed tsunami arrival times for the proposed
A tsunamigenic scenarios are presented in Fig. 3a—e. The time
! required for the first tsunami wave to reach the nearby coast
~ d Maximum Wave Height (MIWH)in meters is very short. The analysis of TTT-maps indicates that, for all
Tl T goan U scenarios, the Sagres coast (SW of Portugal) is the first point
. % TeeriraNel fims g to be threatened by tsunami waves. Due to the local tsunami
(@): Gorringe Bank scenario threatin the study area, the first wave arrives at the first shore-
(b Horseshoe-Sain Vicente scenario line in only few minutes after the occurrence of the quake —
e):  Marques de Pombal scenario 18 to 28 min. In this study, we propose also to assess the er-
{60 {Portimao Bank soenarla ror related to the estimation of the TTT. A comparison of the

(e): Cadiz Wedge scenario

arrival times computed using linear and nonlinear approxi-
mations is presented. Scenario b (HSF) is considered to be
the earthquake source and the harbor of Casablanca-Morocco
is taken as the area for which both linear and nonlinear ap-
proximations of the tsunami’s arrival time will be computed
and compared. The choice of the Casablanca area is due to

areas in the Gulf of Cadiz are characterized by heavy touristhe fact that we dispose of a detailed bathymetry of the re-
and commercial activities, as well as important buildings andgion, and then the nonlinear effects can be well considered.
concentrations of population. All these factors make the re- In Fig. 4, we provide a comparison of linear and nonlinear
gion h|gh|y vulnerable to the impact of any tsunami. A 5-m computations of arrival times of a tsunami to a virtual tide

tsunami wave could cause catastrophic loss of life in such ajauge station positioned in Casablanca harbor. The result
area, in the absence of a robust and fast TWS. shows that a time difference @&fr=6 min can be considered

to be a good estimate of the error between linear and nonlin-
ear approximations.

Fig. 3. Computed tsunami maximum wave height and travel time .
for different earthquake scenarios in the Gulf of Cadiz.
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Saul, 2008) makes it possible to compute Mw reliably. Es-
timating Mw from mB magnitudes using broadband records
from stations at distances starting from 500 km, it is possible
to have hypocentral location and magnitude estimates within
the previously mentioned 5 min.

When a tsunamigenic earthquake occurs, the closest
coastal areas will be affected by the strong ground-shaking,
so that appropriate training and preparedness should trigger
an appropriate response by the local authorities and popula-
tion, mitigating the impact of the tsunami. Ground shaking
provides the first warning to the closest coastal areas near
20 min before the tsunami arrival. In the case of an earth-
quake that is felt locally in a coastal area, but has a magnitude
that is lower than the threshold value necessary to generate a
tsunami, the TWC will issue a relief message to avoid costly
and unnecessary evacuations. For the Northeast Atlantic, the
Casablanca ICG/NEAMTWS 4th session held in Lisbon in 2007 pro-
" — -y — posed this magnitude threshold to be 5.5 (ICG/NEAMTWS,

7 2007). If the earthquake magnitude is above the threshold

] then 5 minutes after the onset of a tsunamigenic earthquake,
the TWC will issue a message to advise that a tsunami may
have been generated. This message, based only on seis-
mic data analysis, is known to have a low certainty. The

p ~~A 1 [ tsunami generation must be confirmed by the observation of
S the tsunami waves with real-time sea-level sensors. When
the tsunami has been confirmed, an appropriate message is
N sent to the civil protection authorities to provide sufficient
time in which to take actions to mitigate the impact.

42°N

38°N-

34°N

Morocco

w

20

Fig. 4. Tsunami travel time (TTT) map and tsunami travel time 3.2.3  Tsunami detection and waming time

error (TTTE) estimation using a comparison of both linear (bleu . . .
graph) and nonlinear (red graph) approximations for the HS sce-The fact that the Gulf of Cadiz is subject to local tsunamis

nario. The tsunami travel time is in hours (0.1 h between two con-Makes the provision of sufficient warning time (WT) a real
tour curves). At is the established TTTE for a virtual tide gauge Challenge. Normally, a threatened community is consid-
station (black star) located offshore Casablanca-Morocco harbor. ered warned on a timely basis if the WT is at least 15 min
(IOC-UNESCO, 2005; Henson et al., 2006). Due to the
short tsunami travel times in the Gulf of Cadiz, 18-28 min
3.2.2 Seismic detection of tsunamigenic events (Fig. 3a—e), to comply with IOC recommendations would
mean that the TWS should confirm that a tsunami has been
In recent times there has been a significant enhancement gfenerated only 3 min after the onset of the earthquake, which
the seismic network coverage around the Azores-Gibraltais very challenging for the TWS. In this work, we estimate
fault zone and, in particular, the Cadiz Gulf region. Real timethe WT for each scenario, taking into account the time re-
data (latency<10 s) from 35 broadband stations and nearquired for the TWS to confirm the tsunami based on mea-
real-time data (lateney2 min) from 22 additional, enhanced surements of sea-level disturbances. The WT is a function of
short-period stations are transmitted by VSAT and Internetthe tsunami travel time (TTT), delay in sea-level data trans-
to the Instituto de Meteorologia Operational Center, which ismission (Dtr) and delays for tsunami detection (Dd) and con-
located in Lisbon. The records are processed in near reaffirmation (Dc).
time, making it possible to compute earthquake locations, Recently, a comprehensive study on the delays related to
validated by a human operator, in less than five minutes otsunami transmission, detection and confirmation was led by
the time of origin. One of the major chalenges is to rapidly Schindet et al. (2008) for the Western Mediterranean basin.
evaluate the magnitude of large earthquakes fMjvusing  They have considered that 10 min are needed for the tsunami
data from regional stations, mostly because the procedureamplitude measurement and transmission. Their consider-
that are commonly used to evaluate magnitudes from shoration is based upon the fact that the dominant period for
distance records usually underestimate the size of the greaarthquake-induced tsunamis is close to 20 min and 6 to
earthquakes. However, a recent development (Bormann an8 min is needed to observe the first wave peak. Moreover,
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they assess the Dd considering a network of tsunameters lseismic waves that are generated by the earthquake. Experi-
cated 50km away from the proposed tsunamigenic regiorence in Japan has shown that appropriate filtering permits the
and calculate the WT to the different coasts. In the presentsunami observation on pressure records that have been dis-
study, a similar process was used for the Dtr estimation andurbed by seismic waves and acoustic reverberations shortly
WT calculation. However, for both Dc and Dd a different following the onset of the earthquake (H. Mikada, personal
approach was adopted, taking into account the specificity ocommunication, 2008). In this work, we consider appropri-
the tsunamigenic potential in the Gulf of Cadiz for the first ate a protective distance of 20 km from the fault traces iden-
delay (Dc) and defining a set of Dd-contours that control thetified.
WT and the sensors’ locations for the second delay. An assessment of the Dd-contours will define preliminary
The Dtr is defined as the time taken to transmit the datazones where tsunamis must be detected and, therefore, zones
from the tsunameter buoy or coastal tide-gauge to the TWCin which sensors must be positioned. For each scenario, we
The Dtr can vary from 2 to 15 min, depending on the trans-estimate the appropriate Dd-time-contour according to: (i)
mission system used. The TWS in the Pacific utilizes thesafe distance from the quake fault (ii) maximization of WT
GTS (Global Telecommunication System) satellite connec-and (iii) minimization of tsunameters number. To satisfy the
tion for coastal tide-gauges, which involves a transmissionprevious 3 criteria a 6 min Dd-contour is considered for the
delay of 5 to 15 min (Schindelet al., 2008). However, CWF, PBF, MPF and HSF scenarios. However, in view of
if this delay is short, in comparison to the TTT in the Pa- the fact that the tsunami generated by the GBF scenario takes
cific (several hours), it is considered too long for our case.more time to reach the coasts and also radiate small tsunami
The Internet connection assures a faster Dtr, of about one tenergy toward the Gulf of Cadiz; and in order to minimize the
two minutes. However, use of this kind of transmission will tsunameters number, a Dd-contour of 10 min is considered
be limited in the case of large earthquakes, if the connecfor this scenario.
tion has been severely damaged or saturated. The most ap- Once all delays (Dd, Dtr and Dc) are fixed, the following
propriate transmission system for our case is the Broadbanétbrmula (Eq. 1) is used to evaluate the WT to the threatened
Global Area Network (BGAN). This system, which uses the coastlines:
Inmarsat satellites, offers many advantages, including a short
transmission delay<(2 min) and an independent link to the WT =TTT — (Dd + Dtr + Dc) (1)
local telecommunication system. For offshore sensors, a ) ) . ) )
satellite telephone link or radio link is preferred, providing Where WT is the estimated warning time for a given coast-

transmission delays that are less than 2 min. In the preserdf?®: TTT is the corresponding tsunami travel time to this
study, we will consider a transmission delay of 2 min.

coast, and Dd, Dtr and Dc are, respectively, delays of tsunami

The other delays to be considered in this study Concerndetec:tion, data transmission and tsunami confirmation for a
the time necessary for the detection and confirmation of thediven configuration of the sea-level observation network.

tsunami. The first delay, called delay of detection (Dd), is
defined as the time necessary for the tsunameter or coastgl
tide-gauge to detect the tsunami waves after the quake. This
delay depends on the sensor position, as well as the TTT, tg.1 Coastal tide gauges network
that position. The second delay, delay of confirmation (Dc),
refers to the time required by the operator at the TWC toThe role of the coastal tide gauges stations is to confirm the
confirm the generation of the tsunami. Normally, the ob- occurrence of a tsunami and assess its impact by collecting
servation of a quarter of a wavelength is required for thesea-level data. This kind of data is only available when the
tsunami confirmation. However, due to the MCE scenariostsunami strikes a coastal point. It can be used to warn other
in the Gulf of Cadiz that are relatively large (circa 100 km coastal areas where the tsunami takes more time to reach.
in length), the confirmation of the tsunami occurrence can The analysis of the performance of the existing coastal tide
be established well before the observation of the first wavegauges network in the Gulf of Cadiz region is necessary. To
peak; for instance, when the tsunameter records an amplireach the design of the appropriate station locations, coastal
tude value (before the first peak arrival) that exceeds somsaites-specific of major tsunami impact and minimum tsunami
tenths of centimeters>(20 cm) (see graphs in Fig. 6). The travel time must first be established. Tsunami hydrodynamic
tsunami wave period for the proposed MCE scenarios variesesults are reviewed to assess these sites. From MWH results
from 4 to 15.5 min (see graphs in Fig. 6), what implies that (Fig. 3a—e), we display a new “global” MWH map, where
about 1 to 3.9 min are needed to observe the first wave peakhe maximum values of wave height are extracted along the
Thus, 5 min is considered for the Dc. coastline, taking all scenarios into consideration. The map
For sensors in deep water and, close to the tsunamigeniis computed by using a combination of all MWH-grids in an
sources, we must consider a protective distance to the faulbverlay process inside GIS. A similar process was used to
trace in order to avoid physical damage to the instrumentsalculate the minimum tsunami travel time to the coastline
and to permit a separation of the tsunami waves from theof the study area and displaying a “global” minimum TTT

Sea- level stations network
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Fig. 5. Maps displaying:(a) minimum tsunami travel time corresponding to the 5 MCE scenarios along the coasts of the studl)area;

MWH along the Gulf of Cadiz coasts considering all the tsunamigenic scenarios, existing and 4 additional tide gauge stations (TG1 to TG4
in red dots) recommended for the region. Two categories in the established tide gauges network are distinguished: warning stations (black
dots for existing stations and red dots for additional stations) and confirmation stations (white dots).

map. The maps so established will also help to evaluate théwhite dots in Fig. 5b), containing the stations located in the
shoreline forecast points in the region. Those points must bé/editerranean, northern Peininsh and southern Safi, is useful
evacuated firstly in case of tsunami occurrence. to confirm the tsunami propagation far from the source.

The proposed coastal tide gauges network is sufficiently
dense to be capable of measuring any tsunami waves along
the study area shoreline. Where possible, this network should
be connected to the seismological networks available in the
F‘egion to provide real-time data transmission. However, in

Figure 5a and b display respectively the global minimum
TTT and MWH maps and gives an initial idea of the specific
sites of major impact in the Gulf of Cadiz. Additional tide
gauges sites are suggested in the harbors of principal citie

gnd w her? tZe \évg};'e hel'th t'S of a ‘Ir[] g)l('rtnu_rlp G\;raluer?nrc]i TTTthe case of a destructive tsunami event, the tide gauge stations
is minimal. 4 additional stations, ( 0 ). which are risk to be destroyed by the waves and tsunami data can be

presented in Fig. 5b (red dots), are proposed in order to “OMiyst. The most appropriate way for early tsunami detection

plete the present network. Moreover, two categories in thes the integration of the real-time deep-ocean network able

eztda}gllih?dttutjier?augfs(;emoﬂ(i, anéydv'\';]gn?iﬁth etx:ai‘tlgg az o detect tsunami waves in deep waters and then to provide
additional stations, are distinguished. warning stalions anty 1o 4qvance warning more time for evacuation.

confirmation stations. The first category, which is necessar

to detect and monitor tsunamis in the region, regroups the
sensors located in the Atlantic coasts between Peininsh and
Safi (black and red dots in Fig. 5b). The second category
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4.2 Deep-ocean bottom stations (tsunameters) network

Recent advances in tsunami measurement have provided set|:
sors for deep-ocean assessment and real-time detection ¢
tsunami waves. DART tsunameters (Bernard et al., 2001) |;
used by NOAA in the Pacific warning system acquire and de-
liver direct and reliable tsunami measurements at deep oceal
locations between the source and distant communities. Here
we propose a design for deployment of DART-like sensors in
the Gulf of Cadiz.

The Geographical Information system (GIS) is often used
for synthesizing, analyzing and handling all kinds of geo-
graphical data that describe the Earth. GIS tools available
today afford better implementation and integration of spatial
data analysis so that optimally suitable sites can be identified
or, at least, sites can be rated on their “closeness” to the opti-
mal solution. In this study, GIS is used to optimize the spatial
distribution for DART-like sensor locations close to the main
seismogenic sources.

Taking in consideration the three defined criteria that con-

trol the deployment of tsunameters (Sect. 1.), the GIS-basec
multi-criteria analysis is used to establish an appropriate,

36°00°N 37°00N 38°00°N 39°00°N

35°00°N

<’ ~
Tsunameter 2 (9°68'34.40"W;35°86'92.00"N)

— HSF . s
—MPF . T -

34°00°N

—PBF

deep-ocean tsunami-detection network that has been adapte|: * M°'°°°°_
to the seismic specificities of the Gulf of Cadiz. The buffer |” i Slope Map
zones defined by the Dd-time-contours (the continuous black|. o
contours in Fig. 6), the MWH-grids provided the areas where |; E‘;z ]
tsunami waves can be detected and, areas that have a slop -en:w.
less than about®8are combined into a GIS software package |z . . a0
(ArcGIS v9.2 — ESRI, 2007) and used as input data. Al- |5 @OOW  2OOW__ IW0UW _ W00UW _ 900W 30w 709W 600w

though the initial data was in a grid-based data structure,
most data is deemed suitable for our spatial analysis in &ig. 6. Established tunameters monitoring network for the Gulf
vector-based structure. Thus, the buffer zone boundaries dif Cadiz region. White stars are the recommended positions for

Dd-contours were converted in a polygon theme and spatiallygﬁF:_T‘”ke setnsors(in thgar(:aé gosr)‘“rl‘;o“; t&""t‘)‘ik ";es rfpresent thz
integrated into GIS with all possible earthquake sources dig-° Me-coNtours (See Sect. .5.3). Dashed black contours aroun
9 b q 9 ach source define the safe distance of 20km (see Sect. 3.2.3).

m.zﬁd IT) a}fllne them(fa.zc;l' I? osehzogeshwgrilthtla(n overlapp.e(graphs illustrate waveforms recorded by the proposed DART-like
with a buiter zone o m (the dashe ack contours Innetwork; only waves detected in the time interval of 0-10 min after

Fig. 6) width around each source to define the safe distancg,e tsynami occurrence are considered. 0—10 min is considered for

mentioned in Sect. 3.2.3. Both buffer layers were then in-tsynami detection in order to maximize the advance warning time.
tersected spatially, showing all areas respecting our first two

criteria and also avoiding those zones in which tsunamis can

be detected, offering an acceptable WT (grey zones in Fig. 6). For the proposed geometry of the sea-level observation
Finally, using the slope map, the flattest areas of the resultingnetwork, comprising 3 tsunameters, we use equation no. 1 to
polygons were identified as the best locations for tsunameeompute the warning time (WT); the TTT is extracted from
ters. Several possible areas were identified with this analythe TTT maps presented in Fig. 3a—e. Table 2 illustrates
sis, although only three met the criteria boundaries imposedhe Dd-times for each tsunamigenic scenario, the TTT and
(selected locations represented by white stars in Fig. 6).  the WT for different threatened coastal cities in the Gulf of

Figure 6 presents the installation strategy for tsunameter&adiz. Figure 7 displays the warning time along the coasts of
in the Gulf of Cadiz region. Three DART-like sensors with a the Gulf of Cadiz area considering all five credible tsunami
spacing of about 110 km are required to constitute the deepscenarios and taking into account the established tsunameters
ocean tsunami monitoring network. The test of established’€twork.
tsunameters located at distances of 30-60 km from the earth-
quake faults (see graphs in Fig. 6), shows the capability of
those sensors to detect and measure any candidate tsunami in
the region a few minutes after its generation.
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Table 2. Computed TTT to the proposed tsunameters (DART1, DART2 and DART3) and to different points along the Gulf of Cadiz coast.
WTs for these coasts are calculated using the equation 1 (Sect. 3.2.3).

Tsunami Dd-time for the 3 Minimum Tsunami Travel Time Warning Time
Scenarios tsunameters (min) Dd-time (min) (TTT) (min) (WT) (min)
DART1 DART2 DART3 Sagres Lisbon Cadiz Casablanca Sagres Lisbon Cadiz Casablanca

GBF 26.8 15.6 9.3 9.3 28 29 81 66 11.7 12.7 64.7 49.7

HSF 135 25 5.2 25 24 30 69 48 145 20.5 595 385

MPF 16.7 54 4.0 4.0 18 27 70 51 7.0 16.0 59.0 400

PBF 5.0 5.5 12.9 5.0 21 36 54 48 9.0 24.0 420 36.0

CWF 1.6 4.0 12.4 1.6 24 39 42 36 154 30.4 334 274

1w 14w oW 3 tsunameter sensors and 29 coastal tide gauges are recom-

mended as the minimum number of stations able to detect
tsunamis in the region. The proposed locations provide the
greatest possible advance warning for the largest number of
threatened coastal communities.

The prediction of the occurrence zones of future tsunamis
presents a real challenge when constructing a TWS. The
present study summarizes the information gathered by the
scientific community in relation to the identification of ac-
tive tectonic structures in the Gulf of Cadiz. As a result, five
earthquake scenarios are envisaged to present the tsunami
threat in the region. Their locations are close to the threat-
ened coastlines areas. This makes the region prone to a local
tsunami hazard.

The sea level network is recommended to complete the
TWS once the tsunamigenic study has been done. The speci-
ficity of the tsunamigenic potential in the Gulf of Cadiz led us
to choose a specific design for sensors locations. The coastal
tide gauge stations are positioned in the harbors of principal
cities where tsunami impact is considered major. The em-
placement of the sensors and gauges is considered to provide
acceptable security and easy installation and maintenance of
Fig. 7. Warning Time along the coasts in Portugal, Spain and Mo- stat!on. Moreover, this study recqmmends_that 3 D_ART'“ke
rocco in the Atlantic (Mediterranean areas were blanked), consid-Stations should be deployed. Their installation locations have
ering that the 3 DART systems proposed in the paper are availabl®€en determined so as to assure a maximum WT, as well as
(red dots). All 5 credible tsunami scenarios were considered. Thanaximum coverage of tsunami potential hazard areas. The
black contours are separated every 5 min and the white contourgpproach provides 7.0 to 15.4 min as a minimum advance
every 10 min. warning time for the first threatened coastline. This time
may not be sufficient for a global evacuation procedure. This
is the reason why awareness campaign and exercises should
be implemented in such region, explaining in particular to
The goal of a TWS is to save human lives and mitigate prop-the inhabitants not to wait official tsunami warning in case
erty losses in the case of a tsunami occurrence, and also tof large felt earthquakes, but to immediately move to higher
confirm the non existence of tsunami waves what avoids taground or vertically in a concrete building.
maintain people a long time in higher grounds. Actually, ad- The results presented here suffer from inherent limitations
vances in tsunami measurement offer the possibility of de-due to the models used to describe the earthquake rupture, the
tecting tsunami waves in coastal zones, as well as in the deefsunami propagation and travel time. In spite of these limi-
ocean. Such technology facilitates the construction of anytations, the present study corresponds to a first-hand design
tsunami alert system. This study designs a sea-level tsunan@ippropriate to tsunami detection and has important implica-
detection network for the Gulf of Cadiz area based on a com¢ions for decision makers and land use planning.
bination of advances in tsunami measurement, tsunamigenic
potential study, numerical modeling and GIS technologies.
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