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Abstract TSllllamis can represent a significant risk to the population and cause huge 

economic damage in many costal regions. In order to be able to identify risk hot spots and 

implement targeted risk reduction measures, decision makers need to have a clear picture 

of the risk situation in their cOlllltries or regions. This work reviews existing approaches for 

tsunami risk assessment and recommends a five-step process for assessing tSllllanll risk. As 
a case study, a qualitative risk assessment for a worst-case tSllllanll scenario was carried out 

to llllderstand the tSllllami risk to the population in Cadiz. Moreover, a sensitivity analysis 

of the tSllllanll hazard input parameters was performed as a strong influence of the vari

ability of the input parameters on the resultant tSllllami hazard and risk zonation maps was 

observed. The study shows that regardless of the assumptions made a non-negligible 

tsunami risk to Cadiz exists. 
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1 Introduction 

In recent years, there has been a shift from hazard-oriented to risk-oriented approaches in 
natural hazard science. This shift was made necessary to better support the needs of 
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civil-protection authorities, land-use planners, insurance companies, etc., which require an 

updated picture of possible risk situations. As a consequence, a variety of approaches have 

been developed for assessing the risk of different natural hazards, notably for earthquakes, 

landslides or floods. 

The situation regarding tSllllami risk is different. A majority of tSllllami studies that are 

available in the literature are focusing on tSllllami hazard assessment. Relevant work in this 
area is described for example in Rascon and Villarreal 1975; Nakamura 1978; Cox 1984; 

Damaskinidou-Georgiadou et al. 1987; Qinghai aud Adams 1988; Symoes et al. 1992; 

Synolakis et al. 1998; Zahibo aud Pelinovsky 2001; Hebert et al. 2001; Legg et al. 2003; 

CSSC 2005; Kulikov et al. 2005. However, there is a lack of well-defined methodologies 

for the assessment of tSllllami risk, and consequently, the availability of tSllllami risk maps 

for decision making is very limited. In addition, the development of tSllllami risk maps is a 
complex task. The main difficulty lies in the collection of the input data for analysis, which 

is insufficient for the majority of coastal regions as strong tSllllamis are low probability 

events. 

Recent tSllllami events with severe consequences such as the Indian Ocean tSllllami on 

26 December 2004, initiated a number of activities related to this issue. Many cOlllltries 

with tSllllami-prone coastal areas as well as the research community have lallllched dedi
cated pro grammes to mitigate tSllllami risk. In response to the Indian Ocean tsunami, the 

European Commission has fllllded several tSllllami-related research projects, such as 

TRANSFER (Tsunami Risk aud Strategies for the European Region 2010), SAFER 

(Seismic Early Warning for Europe 2010), NEAREST (Integrated Observations from Near 

Shore Sources of Tsunamis: Toward au Early Waming System 2010), SEAHELLARC 

(Seismic Risk Assessment and :Mitigation Scenarios in the Western Hellenic Arc 2010) or 

SCHEMA (Scenarios for Hazard-Induced Emergencies Management 2010). 
Within the frame of the TRANSFER project, a need was recognised for the preparation 

of a document to guide the assessment of tSllllami risk. In support of this, the Joint 

Research Centre reviewed the existing approaches to tSllllami risk assessment with the aim 

to clarify the process of tsunami risk assessment and to prepare guidance (Jelinek and 

Krausmann 2008). This study provides a brief summary of various reviewed methods for 

tSllllami risk assessment, which was updated with information that has become available 
since the publication of the original report. Particular emphasis is placed on the evaluation 

of the differences and similarities between the reviewed approaches. The process of a 

qualitative tSllllami risk assessment is illustrated in detail using the city of Cadiz, Spain, as 

case-study area. 

2 Review of tsunami risk assessment approaches 

2.1 Definitions 

The definition of risk varies amongst different sectors. The generic approach described in 

the International Standard ISO 31000:2009 characterises risk by reference to potential 
events and consequences or a combination of these. In natural hazard science, the defi

nition of risk as a product of hazard and vulnerability has gained international acceptance. 

This general definition has many variations depending on the purpose of analysis and the 

level of detail needed. 

The estimation of risk can be carried out in a quantitative or qualitative way or as a 

combination of both. The selection of the type of analysis depends on the availability, 



quality and reliability of the required data and the purpose of the analysis. In practice, 

qualitative analysis is often used first to obtain a general indication of the level of risk or to 

perform an analysis for a large area with a low resolution (e.g. national or regional). 

Quantitative analysis can be used at a later stage to obtain more specific information for a 

small area with a high resolution (local). According to the Australian Geomechanics 

Society (2000), whenever possible, the risk estimate should be based on a quantitative 
analysis, even though the results may be summarised in a qualitative terminology. This 

gives a value of risk that can later be used in risk evaluation and treatment. 

The most common results of a quantitative risk assessment (QRA) are individual risk 

and societal risk. Individual risk is presented as contour lines on a topographic map with 

frequencies of e.g. 10-4_10-8 per year (CPR 1999). In a GIS environment, the results can 

be presented in a thematic risk map showing e.g. the annual probability of loss (people or 
damage to assets) in each grid cell. Societal risk is plotted in the form of frequency

number curves (F-N curves). If data availability is not sufficient to carry out a QRA, a 

qualitative or semi-quantitative assessment relying on expert judgment is applied. The 

output of a qualitative risk assessment can be presented in the form of a risk matrix 

showing for example the relationship between the tSllllarrll hazard and its potential con

sequences. A risk matrix can be further translated into a thematic risk map in a GIS 
environment. Relative terms such as low, moderate and high are used to express the results. 

In semi-quantitative analysis, qualitative scales are assigned numerical values. 

Depending on the purpose of the analysis, risk is calculated in terms of casualties 

(fatalities, injuries) and economic losses (direct or indirect e.g. due to business interrup

tion). In most studies, it is limited to people loss or direct economic losses. 

Various approaches have been proposed by different authors for tSllllarrll risk assess

ment. In the following section, a summary of the reviewed approaches is presented using 
their original terminology. In this context, the term deterministic is synonymous with the 

term scenario-based, where the hazard and risk of a (credible) worst-case scenario are 

estimated without considering the likelihood or probability of occurrence of the scenario. 

The worst credible tSllllarrll case is usually derived from historical tSllllami data in the study 

zone or from the source characteristics combined with seismic data. This event is propa

gated to the study area using numerical models taking into accollllt the highest tidal level in 
the zone. In the probabilistic assessment approach, all or the most relevant scenarios with 

their associated occurrence probabilities are used to estimate the hazard and risk. The 

probabilistic empirical analysis, generally called 'statistical analysis', is carried out for 

locations where historical records on tSllllarrll nm-up and amplitude data are available. A 

priori knowledge of source type is not needed to calculate the probabilities. In contrast, 

probabilistic computational-based methods rely on the knowledge of source parameters, 
recurrence rates and their llllcertainties. The advantage of computational methods com

pared to empirical ones is that they can be applied in regions with few historical records 

and can include parameter sensitivity estimates in the analysis. 

2.2 National approaches 

In the Pacific, where tSllllamis have caused significant losses to coastal communities, this 

hazard has been studied extensively. Lee (1979) pointed out that the problem of tSllllami 

risk analysis in the majority of locations is complicated by a lack of adequate historical 

tsunarrll records, such as the water level or nm-up. Therefore, a straightfoIV.'ard statistical 

approach for estimating the probability of a selected physical variable (or set of variables) 

is not possible to use for such locations. Alternatively, a so-called synthetic approach is 



applied for locations where the required historical data are not available but can be 

obtained by the numerical modelling of tSllllami behaviour. 

Pararas-Carayannis (1988) proposes general guidelines and a methodology for the 

evaluation of tsunanll risk. The tSllllanll risk is considered in terms of frequency of 

occurrence, severity of impact, design adequacy of important costal structures and pre

paredness and planning for hazard mitigation. A similar approach for tsunami risk 

assessment is used in Curtis and Pelinovski (1999). TSllllami risk is expressed as a product 

of the probable frequency of tSllllanll occurrence and the number of people or facilities 

exposed. The risk significantly depends on distance to the source, the presence of an 

effective warning and evacuation system, as well as on education and training. 

The methodology for tSllllami risk assessment in Australia and its Island Territories was 

developed based on earthquake and storm surge studies (Ryllll and Davidson 1999). The 

tsunanll risk is a product of hazard and vulnerability. Hazard is assessed in quantitative 

terms considering tSllllanll magnitude, run-up height, wave height, damage observed from 

historical tsunamis, the distance of the coastline to near-field tSllllanllgenic sources and 

potential tSllllanll inlllldation in the future. Vulnerability is defined in qualitative terms for 

the built and natural environment. Once the risk components have been estimated, the 

resultant tSllllami risk map is presented as a zonation map of five zones. 

TSllllanll risk and vulnerability analyses from the perspective of human response to 

warning, perlormed for selected coastal areas in Indonesia, are presented in Post et al. 

(2009). A variety of different factors, such as hazard assessment, time of tSllllami arrival, 

receiving of technical and natural warning signs, reaction and evacuation time of popu

lation, are considered to identify hotspot areas and in particular weak response capabilities 

and evacuation times to expected tSllllanll arrivals. 

A variety of tSllllanll risk-assessment methods have been developed in Greece. A semi

quantitative approach to tSllllanll risk management proposed by Papadopoulos and 

Dermentzopoulos (1998) for the city of Heraklion considers risk as a product of the tSllllami 

hazard (HA), the vulnerability of the socio-teclmological system (VU) and the economical 

value exposed to the hazard (V A). Other examples of tsllllanll vulnerability assessment from 

Greece can be fOlllld in Papathoma and Dominey-Howes (2003) and Papathoma et al. 

(2003). The authors demonstrate the importance of the vulnerability component in tSllllami 

risk assessment as a very dynamic factor depending on a number of parameters relating to 

the built environment, sociological, economic, environmental and physical data. However, 

the tSllllanll source and offshore bathymetry are neglected in this approach. 

After the Indian Ocean tsunami in 2004 also cOlllltries where tSllllamis do not represent 

a significant risk have started national programs on tSllllami risk assessment. In the United 

Kingdom, the concept and principles of the Risk Assessment for Strategic Planning 

(RASP) methodology originally developed for fluvial and coastal flooding have also been 

applied to tSllllami risk assessment. It is assumed that risk arising from more frequently 

occurring flood hazards can be assessed and compared with tsunanlls (DEFRA 2005). 

The approach proposed by Tinti et al. (2008) presents a tSllllanll risk assessment for the 

eastern coast of Sicily. The authors restricted their analysis to the people that live per

manently or temporarily in the coastal zone. TSllllami risk in this approach is a fllllction of 

the tsunanll hazard based on numerical modelling and the vulnerability of the population 

based on socio-economic analysis. The probability of occurrence of a tSllllami is based on 

the combination of statistical (seismicity) and deterministic (hydrodynamics) analysis in a 

so-called hybrid method (Tinti et al. 2005). The total tSllllanll risk is expressed in terms of 

the expected number of persons that are affected by a given tSllllanll for a given period of 

time. 



A probabilistic methodology to estimate the tsunami risk at national level has been 
developed for the New Zealand coastline (Berryman 2006). The tSllllami risk is estimated 
for an individual in urban centres (refers here as risk to communities) or for those who live 
at low elevations close to the coast (i.e. individual risk) and for a nation as a whole 
(i.e. national risk). The results of the risk assessment are presented as risk curves showing 
the relation of various return periods (from 50 to 2,500 years) to the wave heights at the 
shoreline, the costs of damage to buildings or the estimated numbers of fatalities 
and injuries. The results are used to estimate the annual risk of death to individuals 
(e.g. 10-2_10-3 is widely regarded as intolerable event). An alternative to this probabilistic 
risk assessment approach is the qualitative determination of the consequences of a number 
of different tSllllami scenarios. 

A scenario-based tSllllami risk assessment approach is proposed in Nadim and Glade's 
(2006) work to assess the tSllllami risk for the West Coast of Thailand. The authors argue 
that this approach is well suited for the evaluation of tSllllami risk where not enough data 
are available to establish the magnitude-frequency statistics for tSllllamis. Similarly, the 
scenario-based approach is suited because the physical characteristics of the tsunami are 
known, i.e. the direction of the loading and the extent of the affected area by a potential 
tsunami scenario can be identified. 

An effective way of managing tSllllami risk is the 'multi-hazards risk' or 'all-hazards' 
approach. The multi-hazard risk approach considers the impact of all natural and teclmo
logical hazards of concern on people, services, facilities and structures in a specific area, 
rather than focus on a single hazard or risk. TSllllami risk assessment is investigated as a part 
of the multi-risk city projects carried out by Geoscience Australia (Granger et al. 1999). 

The entire process of risk management involving the establishing of the context, identifying, 
analysing, evaluating, treating, monitoring and communicating the risk is outlined in the 
generic guide AustralianlNew Zealand Standard ASINZS 4360 (2004). The report edited by 
:Middelmann (2007) provides an overview of risk analyses of different natural hazards, 
which also includes tSllllamiS. 

The information presented earlier is summarised in Table 1 where the selected 
approaches are classified according to their type and output of analysis. 

2.3 Recommendations for assessing tSllllami risk 

A majority of the reviewed assessment methodologies share a similar structure and include 
the following main steps: hazard identification and characterisation, assessment of con
sequences (exposure and vulnerability) and risk characterisation. The similarity lies in the 
origin of the reviewed tsunami risk assessment approaches, which are usually based on 
'generic' methods for risk assessment or those used for estimating the risk of earthquakes, 
storm surge or floods. The main differences lie in the methods used for risk estimation and 
the presentation of the results. Some common outputs are in the fOIDl of thematic risk maps 
(e.g. tSllllami risk zonation map, death rate distribution map, evacuation map, etc.), tables 
or F-N curves. 

The results also indicate that tsunami risk assessment is generally perfoIDled using 
either a probabilistic or a deterministic approach. If sufficient and reliable data are 
available, then the probabilistic tSllllami risk assessment should be applied rather than the 
deterministic approach. The probabilistic approach provides a more realistic picture of the 
risk to the investigated area, and it has a higher significance for the planning of effective 
cOllllteIDleasures. Moreover, a quantitative risk figure can be more easily compared with 



Table 1 Summary of selected tSllllami risk assessment approaches and their methodological backgrolllld 

SOluce 

Lee (1979) 

Pararas-Carayannis 
(1988) 

Cmtis and Pelinovski 
(1999) 

Rynn and Davidson 
(1999), Granger 
et aL (1999) 

Type of approach 

Probabilistic approach in case of 
sufficient data regarding historical 
tSllllamis ( e.g. the maximum water 
level, nm-up) 

Synthetic approach as alternative, 
based on tSllllami SOluces, reliable 
numerical models and reliable 
probability of tSllllamigenic SOluce 
parameters 

Statistical approach, if historical 
information is available 

Detenninistic approach using 
hydraulic scale models or 
numerical models, in the absence 
of historical infonnation 

Statistical, deterministic or hybrid 
method is used depending on data 
availability on historical tSllllamiS 

Detenninistic approach 

Analysis process and output 

Synthetic approach 
Characterisation of SOluce parameters of 
tSllllami 

Probability of OCClUTence of a 
tSllllamigenic event 

Rllll-UP modelling 

Historical studies on local and distant 
origin of tSllllami, seismicity of region 
for zonation of tSllllami hazard 

TSllllami hazard frequency (s tatistical 
approach) if data availability is good 

TSllllami modelling studies as alternative 
to the above using hydraulic scale 
models or numerical modelling 

Zonation of the tSllllami hazard as 
product of the historical studies on 
tSllllami frequency and of the 
modelling studies 

Risk in terms of frequency of 
OCClurence, severity of impact and 
design adequacy of important coastal 
structmes and also preparedness and 
planning for hazard mitigation 

Historical studies on past tSllllamiS, 
analysis of seismicity, detenninistic 
analysis of possible tSllllami scenarios 

Probability of occmrence of an event 
based on geological information, 
historical and recorded data 

Risk calculation depending on tSllllami 
somce and the presence of an effective 
warning and evacuation system 

Risk components are the probable 
frequency of OCClUTence and the 
number of people (or facilities) 
exposed 

Specific risk to person or struchue 

Risk = hazard x vulnerability 

TSllllami hazard map is prepared using 
deterministic ( real data) approach for 
three zones: high, medium and low 

Map of vulnerable areas in qualitative 
terms as low, medium and high 
vulnerabilities 

TSllllami zonation map (5 zones) 



Table 1 continued 

SOluce 

Papadopoulos and 
Dermentzopoulos 
(1998) 

Papathoma and 
Dominey-Howes 
(2003), Papathoma 
et 01. (2003) 

Berryman (2006) 

Nadim and Glade 
(2006) 

Tinti et al. (2008) 

Type of approach 

Semi-quantitative approach 
that combines numerical 
modelling with a probabilistic 
approach 

Hybrid approach 

Probabilistic approach that 
considers all likely fuhue 
events, i.e. size, frequency 
and effects of all SOluces 

Scenario-based approach, 
which considers several 
scenarios of plausible 
extreme, or tSlmami
generating earthquakes 

Scenario-based approach for a 
small tSllllami ( l  m nul-Up on 
coast) and a large tSllllami 
(5 m rllll-up on coast) 

Analysis process and output 

TSllllami risk management-prevention and 
mitigation measlUes map as the final product 
of integration of the results from 11 thematic 
maps. 

R = HA x VU x VA 

Study on historical tSllllamis to calculate the 
probability ( rehun periods) of tSllllamiS of 
different intensities 

Identification of the ( extreme) inlllldation zone 
based on the highest recorded tSllllami 

Identification of factors that affect the 
vulnerability of buildings and people 

Calculation of the vulnerability for buildings 
and people 

Preparation of maps showing the human and 
building vulnerability 

TSllllami-generating SOlUces i.e. the size and 
frequency of all possible SOlUces such as 
earthquakes, landslides and volcanoes 

Wave propagation through water using 
numerical modelling 

Flooding of the water across land ( inlllldation) 

Location and distribution of assets at risk 
(people, dwellings, other buildings) 

How easily assets and people are damaged 
( fmgility) 

Plots showing hazard and risk as a fllllction of 
rehun period for individual and national risk 

Individual risk in tabular form 

Define scenarios for tSllllami-generating 
earthquakes 

Compute the tSllllami inlllldation levels for the 
scenario earthquake events 

Estimate the tSllllami risk for different scenarios 

Compare the estimated risk with tolerable or 
acceptable risk levels 

Hazard map created using numerical modelling 

Vulnerability based on socio-economic analysis 
of population 

Impact map of number of people potentially 
affected by selected tSllllami scenario (for 
summer and winter season) 

other areas or risks. Table 2 summarises the applicability of each approach depending on 
data availability and scale. 

The review showed that the terms 'risk assessment' and 'risk analysis' are sometimes 
interchanged. According to standard terminology, risk analysis refers to the process of 
determining the nature and the level of risk, while risk assessment also compares the 



Table 2 Recommended approaches for the estimation of tSllllami risk 

Data availability 

Sufficient historical data 
on past tSllllamiS ( e.g. 
historical tSllllami 
catalogue, magnitude
frequency data) 

No historical records on 
past events 

Scale of analysis 

Site-specific 

Local 

Regional 

Regional 

National 

Approach 

Probabilistic approach 
using historical 
records on nm-up 

Deterministic 
approach using: 

Models: numerical or 
physical 

Selection of specific 
elevation contOlu 
lines based on local 
conditions 

Outcome 

Quantitative assessment 

fudividual risk 

Societal risk 

Economic risk 

Qualitative assessment 

Risk matrix 

Semi-quantitative 
assessment 

Risk matrix 

estimated risk level to acceptability criteria (risk evaluation). Therefore, we propose the 
following procedure for assessing tSllllami risk: 

1. Scope definition: the problem is defined, and the basic input parameters for the chosen 
assessment approach are established. 

2. Hazard analysis: aims at determining the tsunami severity and its frequency. 
3. Vulnerability analysis: identifies the elements at risk with respect to the potential 

tsunami and their vulnerability. 
4. Risk estimation: combines information from steps 2 and 3 to determine either 

quantitatively or qualitatively the level of risk to a given risk receptor. 
5. Risk evaluation: As a final step, the estimated risk is compared with risk acceptability 

criteria, if they exist, to determine whether the risk needs to be reduced by 
implementing targeted measures. 

In order to illustrate the proposed framework for tsunami risk assessment, it was applied 
to the city of Cadiz for which a qualitative risk assessment was performed. 

3 Tsunami risk assessment for Cadiz, Spain 

The Bay of Cadiz is geographically located between longitudes 6° and 6°25'W and lati
tudes 36°20' and 36°40'N, in the south-west of Iberian Peninsula (Fig. 1). It faces west to 
the Gulf of Cadiz and is landlocked arolllld its south-western, southern and eastern margins 
by the mainland. This area is a natural protection zone with large tidal fiats, tidal channels 
and several beaches. 

The city of Cadiz is relatively small (13.3 km2) and is divided into 112 districts. The 
average elevation of the city is about 36 m, which makes its population highly vulner
able to a potential tSllllami impact. The population density is high with approximately 
9,500 inhabitants per km2. This number increases considerably during the summer 
months due to tourism. This coastal area was affected by tSllllamiS in the past. 
Damaskinidou-Georgiadou et al. (1987) indicated that significant tSllllamis like the one 
triggered by the Great Lisbon Earthquake of 1 November 1755 can affect the coast with 



Fig. 1 Area of study, the city of Cadiz, situated to the south-west of the Iberian Peninsula in the Atlantic 
margin of southern Spain. LCB La Caleta beach, 5MB Santa Maria beach, LVB La Victoria beach, 
CB CortadlUa beach 

Scope definition 
Sanario-based approach 

JL 
Hazard analysis 

Tsunami characterisation based on 

propagation and inundation modelling 

H 
Vulnerability analysis 

Identification of the elements at risk 

and their vulnerability 

I1 
Risk estimation 

R=HxV 

Inundation maps 
Tsunami hazard 

zonation maps 

Vulnerability maps 

Thematic risk zonation 
map' 

Fig. 2 Flowchart showing the tsunami risk assessment procedlUe and output for Cadiz 

a return period of approximately 250-400 years. The risk assessment performed for 
Cadiz follows the framework for tSllllami risk assessment outlined in the previous sec
tion. The flowchart in Fig. 2 provides an overview of the main analysis steps and their 
respective outcome. Due to the llllavailability of risk acceptance criteria, the evaluation 
of the calculated risk was not performed. 



3.1 Scope definition 

Since the availability of historical data on past tSllllamis is limited for the case-study area, a 
scenario-based approach was used to calculate the tSllllami risk. A so-called 'worst-case' 
scenario, which is a combination of the maximum credible earthquake that generates a 
tsunami propagated on the highest tidal level in the zone, was selected for this purpose. 
This scenario represents an aggregation of the inlllldation levels obtained for five maxi
mum credible tSllllami scenarios generated from each of five fault sources identified as 
relevant to Cadiz (Fig. 3). These faults form part of the Azores-Gibraltar fault zone and 
are the Goninge Bank fault, the Horseshoe Fault, the Marques de Pombal Fault, the 
Portimi'io Bank Fault and the Cadiz Wedge Fault. For each source zone, a maximum 
credible earthquake was designed and the associated maximum credible tSllllami identified. 
The distribution fllllction of the tidal level was included in these scenarios. 

Most damaging earthquakes and tSllllamis that affected the coasts of Portugal, Morocco 
and Spain were probably generated in the SWIT (SW Iberian Transpressive Domain) zone, 
including the Cadiz mega-tsllllami of 1 November 1755. In the present study, only the 
tsunamigenic areas in the SWIT region have been considered. This area of tectonic 
deformation is responsible for the offshore seismicity of south-western Iberia. The worst 
cases, as well as the fault traces that we used for the Cadiz Bay area, are described in Lima 
et al. (2010), and their summary is presented in Table 3, 

A more detailed description of the tSllllami sources is provided in DC-IGN (2009) and 
DCA (2009). The tSllllami risk was only estimated for the population distributed in 112 
municipal districts of Cadiz. No other risk such as to property or environment was ana
lysed. In the proposed case study, tsunami risk to the population is expressed as a product 
of hazard times vulnerability. 

-14' -12' -10' -8' -6' 

-14' -12' -10' -8' -6' 

Fig.3 Topo-bathymetric map showing the considered tSllllamigenic seismic SOluces. CWF Cadiz wedge 
fault, GBF Gorringe bank fault, HSF horseshoe fault, MPF Marques de Pombal fault, PBF Portimao bank 
fault. Bathymetric data from Zitellini et al (2009) 



Table 3 Characteristics of tSllllalni SOluces [from Lima et al. (2010)J 

Faults Length (km) Width ( km) Mox. Slip ( m) Strike Cl Dip C) Rolee C) Mw 
depth (km) 

GBF 137 60 25 8.3 233.0 25 90 8.1 

HSF 106 70 25 10.7 222.1 25 90 8.2 

MPF 86 70 25 8.0 200.0 25 90 8.0 

PBF 100 55 25 7.2 266.3 25 90 8.0 

CWF 133 200 12 11.1 346.3 6 90 8.6 

3.2 Hazard analysis 

The hazard analysis focuses on both the characterisation of the tSllllarrll severity and its 

frequency to create tSllllami hazard or flooding maps. Since our study is based on a worst

case scenario, no frequency or occurrence probability was assigned to this 'artificial' event. 

The analysis of tsunami hazard was, therefore, limited to characterising the tSllllami 
severity. This includes the identification of the relevant tSllllamigenic sources and their 

parameters for wave propagation and inundation modelling. The wave elevation, water 

depth, current speed, Froude number and flow forces were provided in UC-IGN (2009) who 

used the C3 (Cantabria, COMCOT and TSllllami-Claw) numerical model to calculate these 

parameters. The C3 model is based on non-linear shallow water equations (Olabarrieta et al. 

2010). Not all of the calculated tSllllami parameters lend themselves easily for the pro

duction of tsunami hazard zonation maps. Therefore, key attributes that best represent the 
tsunarrll hazard for a specific type of risk analysis, scale or level of investigation need to be 

selected. Since our study is limited to population only, it was decided that the inlllldation 

maps for Cadiz would be described by the water depth and the current velocity. These are 

the most relevant factors that control the stability of people in flowing water. This approach 

was also used by Jonkman et al. (2008) who studied human instability in flowing water as a 
fllllction of water depth-velocity products. In order to simplify the analysis, every district 

was approximated by one value of the depth-velocity product. The resulting inlllldation map 

for the worst-case scenario in Cadiz is presented in Fig. 4. 
TSllllarrll hazard zonation maps illustrate in relative terms where a tSllllarrll may occur. 

In order to prepare these maps, the water depth-velocity values in Fig. 4 had to be assigned 

accompanying hazard levels. Jonkrnan et al. (2008) indicate the critical depth-velocity 

products for being able to stand range from 0.6 to about 2 m2/s. The first three depth
velocity categories are in accordance with the experimental data presented by these 

authors. However, due to the large data range in Fig. 4, depth-velocity values above 2 m2/s 

were split into two further sub-categories. Each depth-velocity category was then assigned 

a score from one to five with a relevant hazard level (Table 4). In order to consider the 

bOlllldaries of the model output, minimum, maximum and average values of the depth
velocity product for every district were used to produce tSllllami hazard zonation maps 

(Fig. 5). 
The chart presented in Fig. 6 clearly shows the effect of three different input parameters 

used. For example, using the minimum level of the depth-velocity relation, 33 districts fall 

into the very low tSllllarrll hazard category. Using maximum values, only 3 districts remain 

in this category. It is interesting to note that the highest number of districts is located in 

areas subject to very high hazard levels regardless of the chosen depth-velocity reference 
value. This is likely a consequence of the worst-case approach. 



Depth-velocity relation for the worst ease scenario - Cadiz, Spain 

Legend 

Depth.veloclty 
[m'/t) 
00-2 

, 
••. 8 
.8.8 
. a.l0 
.,0_,2 
.,2_, . 
• '._18 
.'8_18 
• >18 
Topog raphy 
[m[ 

N 

A :" ...... �==�';.""";; ...... .;;' """ • Motots 
--

Fig. 4 Thematic map of the maximum water depth-velocity product for the worst-case scenario 

Table 4 Tsunami hazard level as a function of depth-velocity relation, modified fromJonkman et al. (2008) 

Depth-velocity relation (m2!s) Description Assigned score Hazard level 

<D.6 No danger 1 Very low (VL) 

0.6-1.35 Danger for some 2 ww (L) 

1.35-2.0 Danger for most 3 Medium (M) 

2.0-5.0 Danger for all 4 High (H) 

>5.0 Very dangerous 5 Very high (VH) 
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Fig. 5 Tsunami hazard wnatioo maps for minimum, average and maximum values of the water depth· 
velocity product 
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Fig. 6 Number of districts per hazard level for the minllnum, average and maximum values of the water 
depth-velocity parameter 

3.3 Vulnerability analysis 

Vulnerability analysis includes the identification of the elements at risk due to their 

location with respect to the potential tSllllami and the estimation of the likelihood of injury, 

loss, disruption of livelihood and other harm, as well as the capacity of persons or property 

to cope with and recover from the impact of the tSllllanll (Wisner et al. 2004). A detailed 

general discussion on vulnerability analysis is provided by Birkmann (2006). 

The vulnerability in our study relates to the characteristics of the affected population 
and their ability to respond to the tSllllami defined by the worst-case scenario. The vul

nerability analysis carried out in this work is based on the parameter exposure, coping 

capacity and susceptibility, which acknowledges the fact that vulnerability is influenced by 

internal and external factors (see also Birkmann et al. 2010). Exposure to a hazard is an 

external factor, while susceptibility and coping capacity are internal ones, which indicate 
the 'conditions of the exposed element or community' and 'the means by which people or 

organisations use available resources and abilities to face adverse consequences', 

respectively (Thywissen 2006). Exposure was calculated based on the imllldation data 

obtained by numerical modelling. The susceptibility was based on two indicators. The first 

indicator comprises the percentage of population younger than 6 and older than 65 years. 

These thresholds are based on the findings from studies in Sri Lanka and Indonesia that 

were carried out after the 2004 tsunami (Rofi and Doocy 2006). The second indicator 
corresponds to the combination of dependency ratio and gender ratio and states the per

centage of total population that has to be supported by the male in working age. In order to 

characterise the coping capacity, the percentage of buildings with more than one level to 

which people could vertically evacuate, the number of people that has received school 

education for more than 6 years, the sum of children <6 years, illiterates and non-Spanish
speaking migrants were considered. The first two are positive coping factors, whereas the 

last ones describe a negative coping factor as it is assumed that this portion of the 
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Fig. 7 Map of the population's vulnerability to the worst-case tSllllami scenario ( UCA 2009) 

population may not be able to properly llllderstand information on tSllllami risks and 

warning in case of an acute hazardous event. All three components of vulnerability as well 

as the indicators that describe the components were equally weighted and summed up to 
one vulnerability index. The resulting tSllllami vulnerability map of the population is 

presented in Fig. 7. 

3.4 Risk estimation 

In order to obtain the final risk value, the hazard and vulnerability information from the 
previous sections needs to be combined. Using the definition of risk as the product of 

hazard and vulnerability, a risk matrix of 5 x 5 classes, which relates the hazard and 

vulnerability, was developed (Table 5). Similar to the tSllllarrll hazard assessment, the risk 

was categorised into five risk levels: very low, low, medium, high and very high. This table 

can serve for prioritising risk reduction as generally all very high and high-risk classes are 

considered llllacceptable and require mitigation. The tSllllami risk zonation maps in Fig. 8 



Table 5 TSlUlami risk matrix 

Vulnerability Hazard 
-----------------------------------------

VL (1 ) L ( 2 )  M (3 ) H (4 ) VH (5 ) 

L (1 ) VL 1 x 1 � 1 L lx 2= 2  L lx3=3 L lx4=4 M lx5=5 

( 2 )  L 2x 1 � 2 L 2x 2=4 M 2x3=6 M 2x4=8 H 2x5=1O 

M (3 ) L3x 1 � 3 M3x 2=6 M3x3=9 H 3 x 4 = 1 2  H 3 x 5 = 15 

(4 ) L4x 1 � 4 M4x 2=8 H 4 x 3 = 1 2  H 4 x 4 = 16 VH4x5= 20 

H (5 ) M 5 x 1 � 5 H5x 2=1O H 5 x 3 = 15 VH5x4= 20 VH5x5= 25 

Risk range: very low (=1 ), low (2-4), medium (5-9), high (10-16), very high ( 20- 25 ) 

are the result of the translation of these risk levels into a GIS environment. Overall, the key 
element in our risk assessment is the hazard component because it delineates the area 

affected by the inlllldation. 

The tSllllanll risk maps calculated for the population located in the Cadiz city districts 

describe in relative terms the areas where the most fatalities can be expected due to the 

modelled tSllllanll scenario. These maps can be used as a preliminary tool for the identi
fication of tsunami hot-spot areas or as risk indicator for planning and emergency response 

purposes. Particular attention should be paid to those areas that were assigned very high 

and high-risk levels. In these areas, a detailed quantitative study could be warranted. 

Due to the strong influence of the choice of input parameters on the tsunami hazard 

level, also the tSllllami risk for Cadiz exhibits this behaviour (Fig. 9). Assuming the 

maximum values for the water depth-velocity parameter, most of the districts of Cadiz 

come to lie in the very high-risk zone while there is no district in the very low-risk area. 
Clearly, the choice to model a worst-case scenario that is an aggregation of conservative 

scenarios from 5 seismic zones may have led to an overestimation of the risk. However, 

even for the minimum depth-velocity values, a significant number of districts are at very 

high and high risk. This seems to suggest that regardless of the assumptions made in this 

study a non-negligible tsunami risk to Cadiz exists. 

4 Discussion and conclusions 

A review of tSllllanll risk assessment approaches from different regions showed that the 

available methods for the estimation of tSllllami risk are limited, since most studies have 

traditionally focused on tSllllanll hazard assessment. However, recent studies suggest a shift 
away from purely hazard-oriented approaches towards the consideration of vulnerability 

aspects and risk. This trend may have been triggered by decision makers' needs to be 

informed with updated information on the risk to certain areas. 

TSllllanll risk assessment can be performed using a probabilistic or a deterministic 

approach. The choice of the assessment approach depends on the data availability, purpose 

and the scale of analysis. For example, for preliminary national tsunami risk studies, the 
affected area can be simply determined by selecting a specific contour line. For site

specific analysis, the use of numerical models supported by field studies may be necessary. 

Work in this direction is discussed in Birkmann (2007), where physical vulnerability 

indicators (households, housing blocks, city districts and sub-regions) are associated with 

different scales of analysis (from local to sub-national scale). Following the review of 
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Fig. 9 Number of districts per risk level for the minimum, average and maximum values of the water 
depth-velocity product 

several tSllllanll risk assessment methodologies in the literature, the following steps are 

proposed for the general process of tSllllami risk assessment: scope definition and col

lection of historical data on past tSllllamis, hazard characterisation, assessment of conse

quences, and risk estimation and evaluation. 
Since the process of tSllllanll risk assessment is complex, it requires detailed knowledge 

of the tSllllanll generation mechanisms, wave propagation, immdation and its possible 

consequences. Ideally, some measure of the likelihood of a given tSllllanll should also be 

available. The main difficulties are related to obtaining reliable input data for the risk 

assessment. Therefore, some simplifying assumptions may need to be made to perform the 

analysis. In case of Cadiz, the tSllllami hazard was classified based on the water depth and 

velocity. The tsunami risk zonation maps were then developed from the hazard zonation 
maps and the vulnerability map. 

The resultant hazard zonation maps created for minimum, maximum and average values 

of the depth velocity products showed a very high impact of the variability of the input 

parameters used. The characterisation of the hazard is therefore of particular importance 

for risk assessment. On the basis of the selected tSllllami hazard parameters, scenarios for 
the analysis are defined, the affected area is delineated and the probability of the event is 

assigned. With respect to the choice to use the water depth and velocity for describing 

the hazard, it is legitimate to raise the question if these two parameters are sufficient for the 

characterisation of the tsunami hazard. Once could argue that other factors, such as the 

tsunami wave height, debris flow of the sediments, etc., should also be considered. Maybe 

future studies can shed some light on this issue and contribute towards a possible stan

dardisation of the hazard parameters to be used as input for a tSllllami risk assessment. 
A high llllcertainty is also associated with the estimation of the vulnerability, in par

ticular with respect to the number of people exposed and the selection of relevant vul

nerability indicators for the analysis. Although vulnerability was not discussed in detail in 

this work, this parameter seems to be the least developed and the most difficult to address. 

The used numerical models can introduce another source of llllcertainty in the analysis. 



The errors are propagated, and consequently, the accuracy of the resultant risk maps is 

highly dependent on the accuracy of the models and input parameters used. 

In spite of the high llllcertainty in all stages of the risk-assessment process, the results 

can provide a valuable indication to civil-protection authorities and other decision makers 

where attention needs to be paid and where risk reduction measures may need to be 

implemented. Moreover, risk assessment is an important component for the development 
of effective tSllllarru early warning systems and for raising awareness of the hazard and its 

associated risks. Once recognised, they can be mainstreamed into emergency and strategic 

planning to create more hazard-resilient communities. This is also in accordance with the 

objectives and goals of the Hyogo Framework for Action (UNESCO-IOC 2009). The 

approach used in this study is straightforward and can be applied at an initial stage of the 

analysis. Once risk hot spots have been identified, more detailed analyses can follow to 
support the development of concrete prevention and mitigation measures. 
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