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Abstract

Seismic risk assessment for Cyprus at national scale is based on event-based probabilis-
tic seismic risk analysis and eventual selection of seismic scenarios for given return peri-
ods. The current study was included in the National Risk Assessment of Cyprus, for 2018,
following the European Commission requirements and guidelines. The latter analysis is
performed with the relevant algorithm of Open Quake engine, which first incorporates sto-
chastic event-based hazard analysis for extended earthquake catalogues and models of the
area, as developed in the ESHM 13 model developed in the SHARE project. The exposure
model employed is built and elaborated by local resources, and the vulnerability model
developed for local building typologies, as included in past publications, was used, with
additional considerations. Risk is expressed in terms of monetary loss, at national level
and for the biggest urban areas, and is provided in aggregated values as well as distributed
along the island with map representation. For the selected scenarios, with 475- and 2500-
year return period, expected casualties and displaced population are also estimated.

Keywords Cyprus - Seismic risk - Disaster risk reduction - Probabilistic risk analysis -
Seismic scenario

1 Introduction
Following the decision of the European Parliament and of the Council (1313/2013/

EU), the Member States are required to submit a summary of National Risk assessment
(NRA) to the Union Civil Protection Mechanism. At the end of 2018, the Republic of
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Cyprus was committed to submit the 3rd version of NRA, responding to a twofold tar-
get: produce a NRA that complies with EU guidelines, allowing for comparison with
other member states, and provide all necessary information based on a quantitative
approach for risk metric estimate, supporting efforts for targeted disaster management
planning. As a matter of fact, the peer review (ECORYS & Fraunhofer 2018), conducted
on behalf of the Commission, on civil protection and disaster risk management, rec-
ommended the use of NRA outcomes for prevention and mitigation actions at states
authorities level, as well as public risk awareness.

Understanding risk is the first priority action of the Sendai Framework (UNISDR
2015). Policies and measures are recommended to be based on risk-driven results,
accounting for uncertainties, yet with scientific and multidisciplinary estimates. For
effective disaster risk management, it is crucial to analyse and have an understanding
of multiple hazards and their linkages with vulnerabilities, contributing to risk levels of
different types. Moreover, the latest GAR (UNDRR 2019) underlines that risk can no
longer be considered and addressed individually, and its systemic nature should rather
be understood and studied, acknowledging all social, economic, political and ecologi-
cal dimensions. Hence, NRA methodology is based on multidimensional components,
as proposed by UNISDR (2017) guidelines. This implies the selection of hazards, the
impact assessment at different levels (direct and indirect) and the overall risk estimate.
For Cyprus NRA, Cyprus Civil Defence Agency selected the hazards to be included in
the study. For each hazard, according to its nature, available input and loss data, differ-
ent risk analysis methodologies have been implemented, varying from qualitative and
experts’ elicitation to probabilistic quantitative analysie.

Earthquakes have been recognized as one of the main hazards affecting Cyprus,
as already included into the National Risk Assessment implemented by Cyprus Civil
Defence in 2016 (CCDD 2016). According to historical records (Ambraseys 1965; Gala-
nopoulos and Delibasis 1965; Kalogeras et al. 1999), Cyprus has suffered from at least
16 destructive earthquakes in the past 2000 years and numerous smaller earthquakes.
The largest earthquakes mostly occurred at the southern part of the island, causing dam-
age in Paphos, Limassol and Famagusta (Cagnan and Tanircan 2010). The latest deadli-
est earthquake that hit the island was in 1953 (M,,6.1) with an aftermath of 40 fatalities,
100 injuries and extensive damage to 158 villages and the city of Paphos (Ambraseys
1992). According to the disaster risk profile of Cyprus (ECORYS & Fraunhofer 2018),
based on historical data, earthquake is the natural disaster with the second most impor-
tant monetary impact and the first in terms of population affected.

The risk assessment process, as documented by EC (2010), UNISDR (2017) Guide-
lines and ISO 31000 (2018) and ISO31010 (2019), has been followed. This is composed
by the steps of risk identification, risk analysis and risk evaluation. Risk identification
includes the identification of causes of risk, i.e. hazard and circumstances, the definition
of the area of study, exposed assets and different risk metrics. For the study of seis-
mic risk assessment, hazard definition corresponds to the selection of the most valuable
earthquake scenarios, the collection of data on buildings and population at national level
and the selection of the most appropriate impact metrics. Risk analysis is the fundamen-
tal step of risk assessment and is the “the combination of the consequences of an event
or hazard and the associated likelihood of its occurrence” (ISO 2019). Probabilistic risk
analysis has been performed to estimate consequences with given probabilities of occur-
rence, while it allows for selection of seismic scenarios with return periods frequently
used in disaster planning. Scenario-based analysis simulates the “way the future may
develop” (EC 2010) and provides comprehensive and understandable results at different
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terms to risk management stakeholders. Risk evaluation is the step that allows for prior-
itization of risks for the purposes of risk management. Herein, it has been implemented
with empirical criteria for the establishment of overall risk matrices.

For the performance of seismic hazard and risk analysis, the OpenQuake engine (Silva
et al. 2013), developed within the Global Earthquake Model Foundation (GEM 2020a, b),
has been applied. The engine is open-source and has the possibility to perform both proba-
bilistic hazard and risk assessment and scenario damage and risk computation. Tailor-made
hazard, exposure and vulnerability models have been uploaded together with customized
logic trees to account for epistemic uncertainties. Data granted by past scientific projects
and local stakeholders have been implemented after appropriate elaboration. The open-
source QGIS software has been used for mapping of the results.

2 Seismic hazard of Cyprus

Cyprus is located at the boundary between the Eurasian, Arabian and African plates within
a complex tectonic setting (e.g. Papazachos and Papaioiannou 1999). Cyprus Arc accom-
modates the movement between the African and Anatolian subplate and, although less
active than the Hellenic Arc, it has been the origin of several shallow earthquakes (Fig. 1)
mostly of medium size. It is worth noticing that the first seismometer was installed in the
island in 1984, while modern instrumentation began in the island only after 1997 after the
M,,6.8 earthquake at the onshore area of Pafos in 1996. Until then, the seismic catalogue
was composed by historical empirical relationships and various international sources.
Cyprus tectonic regime has been for long a field for debate for seismologists. Cyprus
seismic activity is due to its location at two seismogenic tectonic regions. On the one
hand, there is the subduction of the African plate moving northwards under the Anatolian
subplate moving westwards, and on the other hand there is the major continental colli-
sion of the Eurasian plate with the African one. Cyprus Arc itself is subdivided into three
regions of different seismicity: its north-western part, connected to the Hellenic Arc, being
the most active with earthquakes of intermedium depth (60-130 km); the central-south-
western one, almost parallel to the south-south-western shores of the island and the eastern

Fig. 1 Seismic activity in Cyprus between 1896 and 2018 (CGSD 2017)
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one, characterized by multiple and surface earthquakes. The variations of the seismic activ-
ity of the two western sections (in depth and magnitude) indicate that the north-western
section consists of a subduction boundary, while the south-western one a collision zone
(Wdowinski et al. 2006). The two sections are separated by the NE-SW strike—slip Paphos
fault, able to produce large earthquakes, as the M,6.8 1996 Paphos earthquake. The east-
ern section is extended until the triple contact point of the Arabian, African and Eurasian
plat is oriented almost parallel to the plates motion and is characterized by low seismicity
and transcurrent tectonic activity. Furthermore, neotectonic onshore faults on the crust are
additional seismogenic sources, although no thorough study has been conducted on them
(Cagnan and Tanircan 2010).

In the current study, while expecting ESHM?20 (ongoing under H2020 SERA project-
GA 730,900), the updated seismic hazard model for Europe, the available ESHM13 con-
sistent seismic hazard model for Europe and Turkey developed in the SHARE project
(Giardini et al. 2013) has been used, herein. Input hazard models have been prepared in
the OpenQuake format (Pagani et al. 2014) in order to provide a regional input to “Global
Earthquake Model” initiative. A number of existing databases, as explained below, have
been incorporated into the hazard models, taking into account the epistemic uncertainties
of the model components and hazard results.

More precisely, the seismicity of Cyprus was input into the SHARE European Earth-
quake Catalogue (Stucchi et al. 2013) as part of the SHARE earthquake catalogue com-
piled by Sesetyan et al. (2011). The latter was compiled within SHARE and EMME (Erdik
et al. 2012) project and included the seismic catalogue between 1000 and 2006, with a total
of 6170 events. The classic area source (AS) model incorporates the above-mentioned data.
Moreover, the seismogenic faults of Cyprus have been included into the European Database
of Seismogenic Faults (EDSF, Basili et al. 2013), which is a compilation of fault sources
assessed of being capable of generating earthquakes of magnitude M,,>5.5. Crustal seis-
micity is computed thanks to the fault sources and is incorporated into the Fault Source
and Background (FSBG) model. The top traces and planes of composite seismogenic faults
for Cyprus, as collected by INGV, are mapped in Fig. 2, together with the isodepth lines of
the subducting African plate. In addition to these, an extended homogenized strong motion

Composite Seismogenic Source Subduction 7 promy X+

CYSDO01: Cypeus Arc

Fig.2 Extract of the European Database of Seismogenic Faults.(Basili et al. 2013)
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database (Yenier et al. 2010), with input from several existing databases, has been com-
piled. The SEIFA model, the third among the SHARE source models, is a kernel-smoothed
model that generates earthquake rate forecasts based on fault slip and smoothed seismicity.

2.1 Probabilistic seismic hazard analysis

As first step, a classical probabilistic seismic hazard analysis (PSHA) is performed, in
order to derive a hazard curve at each computation site and hazard maps, for given prob-
ability of exceedance of the intensity measure levels within the investigation time. PSHA,
with all its uncertainties and complexities, is a quantitative comprehensive tool, good for
design purposes, when it is necessary to associate ground motion intensities with exceed-
ance probabilities, accounting for all possible earthquake ruptures with their return period.
Strategic decisions upon the selection of the most appropriate scenario are then taken in a
less arbitrary way.

The classical integration procedure as proposed by Cornell (1968) and formulated by
Field et al. (2003) has been incorporated into OpenQuake platform (Pagani et al. 2014) and
performed in the study herein for investigation time of 50 years. The input files for Open-
Quake engine (Pagani et al. 2014) are the three Seismic source models of SHARE project
(Giardini et al. 2013), and the ground motion model, as proposed by SHARE project (pub-
lished in Delavaud et al. 2012). The latter associates ground motion prediction equations
(GMPESs) to each tectonic region recognized in the European region, given the occurrence
of an earthquake rupture.

The logic trees for both the above-mentioned models are essential integral component
of PSHA and describe the epistemic uncertainties associated with the construction of seis-
mic source models and the implementation of GMPEs, respectively, for different tectonic
regions. The tailored source model logic tree proposed by SHARE project, used herein,
is relatively simple with higher weight (50%) attributed to the area source model, 20% to
FSBG (Fault-Source & Background) and 30% to SEIFA (smoothed seismicity) model. On
the other hand, the ground motion model logic tree is more complex as it comprises a num-
ber of GMPEs differently contributing per tectonic region. The GMPEs of Table 1 with the
associated weighting factors have been attributed to each tectonic regime to which Cyprus
has been deemed to belong (Woessner et al. 2013).

2.1.1 Site conditions

For the definition of the site conditions, a simplified model based on the shear wave veloc-
ity (Vs30) map of USGS (Fig. 3) based on approximation to topographic slope (Wald and
Allen 2007) has been used. Variations of Vs30 are compatible to the geological zones of
the simplified geological map of Cyprus (Fig. 3, window). A more detailed geological map
can be used in the future based on the data obtained from the microzonation studies con-
ducted for most of the cities in the island (e.g. CGSD 2000).

Comparing Figs. 3 and 4a, a relative correlation exists between the USGS map for the
area both for the sites closer to the coastal area but also for the ones in the municipality of
Limassol. An attempt is undertaken to gather the results from all the microzonation studies
in Cyprus (Paphos, Limassol, Nicosia, Famagusta) (Fig. 4a and Table 2) and compare them
with the USGS map (Fig. 3). Subsequently and with the assistance of experts in the field,
it is anticipated that a new map will be drawn representative of the shear wave velocities
calculated at various locations in Cyprus.
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Fig.3 Shear wave velocity map of Cyprus (USGS 2020); (window) simplified geological map of Cyprus
(Cohen et al. 2012)

The study resulted to the following proposed microzonation map (Fig. 4b), which dis-
cretizes the area to three seismic zones with defined peak ground acceleration levels. These
are similar to the ones adopted later on by the Cyprus Seismic Hazard map introduced in
the National Annex of Eurocode 8-1.

2.1.2 Probabilistic output hazard

The information extracted from the probabilistic seismic hazard analysis is summarized
in the seismic hazard curve, which combines the rate (or probability) of exceedance of a
range of intensity levels for different ground motion parameters at a given site. This curve
is composed by considering all possible earthquake ruptures included in the seismic source
model, which, within the given investigation time of 50 years, exceed the ground motion
parameter levels.

The curves below depict the peak ground acceleration (PGA) (Fig. 5a) and the spec-
tral acceleration at 7=0.3 s (Fig. 5b) with the corresponding probability of exceedance
in 50 years. They have been plotted for the main cities of Cyprus for which PGA varies
between 0.3 and 0.5 g and Sa varies between 0.7 and 1.0 g. It may be seen that the seismic
hazard in Limassol and Paphos, in the south, south-western part of the island, is the most
elevated in the island, being in the vicinity of the shallow seismic subduction zones of the
Cyprus and the Hellenic Arc (Fig. 2). The PGA (Fig. 6) and SA distribution for poe=10%
(T=475y) and poe =2% (T=2500y) throughout the island have been mapped in Kazantzi-
dou et al. (2019) and are compatible to the seismic hazard map of ESHM13 (Giardini et al.
2014), with incorporation of the soil contribution. The mapped values of the seismic haz-
ard distribution for =475y (Fig. 6a) yield higher values than the seismic zonation map of
the current seismic design code (Fig. 7c) and higher values than the microzonation study of
Limassol (Fig. 4b). This is explained by the different seismic catalogue that has been used
for the code and for ESHM 13, the input of which is implemented herein. Also, the lack of a
calibrated model for the subduction zone located at the south of the island might be a factor
that affected the anticipated hazard in the area and overestimates the seismic hazard in the
area as predicted in by ESHM13 model.
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Fig.4 a Location of boreholes used for Vs30 calculations in the microzonation study of Limassol (Anasta-
siades et. al. 2006). b Proposed microzonation map of Limassol area (Anastasiades et al. 2006)

3 Event-based probabilistic seismic risk analysis

Risk analysis, by definition, is the convolution of the seismic hazard model and the vul-
nerability model applied over the layer of the assets (structures or population) exposed to
the hazard of the area of study. For the risk estimation, herein, the event-based probabil-
istic analysis was implemented, as developed in OpenQuake engine (Silva et al. 2013).
Compared to the classical PSHA-based risk analysis, the probabilistic, or stochastic event-
based, is based on the classical principles of PSHA, yet computing relies on the compi-
lation of synthetic catalogues of earthquake ruptures for which a ground motion field is
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Fig.5 Hazard curves for the main cities of Cyprus in a PGA and b Sa from PSHA
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Fig.6 PGA distribution for a T=475y and b T=2500y according to PSHA

generated. According to this, a large number of potential earthquake scenarios, together
with their probability of occurrence, are to be included in the hazard computation. Com-
pared to the classical PSHA, stochastic event-based achieves to simulate seismicity of a
region in a realistic, yet randomly generated way, reflecting the actual tectonic environ-
ment, earthquake catalogue and expected events recurrence, accounting for epistemic and
aleatory uncertainties of the models and hazard results. This is of particular interest for the
risk/loss estimation, since all the assets overlaid by the ground motion fields contribute
cumulatively to the aggregated loss curve.
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Fig.7 Seismic design codes, according to a 1978 guidelines, b CCEAA (1992) and ¢ update of 2004 (a
from Chrysostomou 2009; b,c¢ adapted from Cagnan and Tanircan 2010)

Initially, a stochastic event-based hazard analysis is conducted by inputting the seis-
mic source and ground motion models together, as described above for the classical PSH
analysis. The Earthquake Rupture Forecast calculator of the engine generates a number of
all possible ruptures within the area of study for the given seismic sources and estimates
associated probability of occurrence within a given time span. The Stochastic Event Set
calculator, then, allows for the simulation of the number of occurrence of each rupture
within a given time span with the implementation of a sampling process similar to Monte
Carlo (Musson 2000). This leads to the creation of one or more stochastic sets of events
(synthetic catalogues of earthquake ruptures), which simulate the seismicity in a region.
For each of the events, the ground motion model with its logic tree is applied and a ground
motion field (geographic distribution of the intensity measure of a ground motion around
a rupture) is computed. Aleatory variability at inter- or intra-event basis is taken into
account, while spatial correlation of intra-event residuals may be also considered. Given
the computational effort the stochastic event-based analysis at national level requires, spa-
tial correlation has been neglected herein. The set of ground motion fields is spatially com-
bined with the exposure model and its vulnerability, and the probabilistic event-based risk
calculator computes the estimated loss value per asset and per each ground motion field
with the associated annual frequency of exceedance.

3.1 Exposure model

The exposure model is a crucial component of risk modelling as it contains all the infor-
mation of assets (buildings and permanent population herein) exposed to given levels of
hazard and “thereby subjected to potential loss” (UNISDR 2009). The source of informa-
tion is of primary importance and depending on the level of detail of the study and of the
expected outcome, building inventory databases can be compiled with different levels of
accuracy. Part of the exposure dataset is the economic replacement value of the different
building typologies, necessary information for the economic loss estimation as direct risk
outcome.

3.1.1 Building stock and population

In the current study, in which the risk assessment is conducted at national level, infor-
mation was obtained from the national building and population census record of 2011
and the GIS-based building database of the Department of Lands and Surveys (DLS).
The DLS building inventory contains data about registered buildings with official
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building permit, while the building census complemented the model with non-officially
registered buildings. For the northern part of the island, data were obtained from the
corresponding Census of 2006. All data were collected by the local representatives
who participated in EMME project (Giardini et al. 2016), as reported in Chrysostomou
et al. (2014) and was kindly provided by the authors of the latter work for the pur-
poses of the current study. Within EMME project, a 1 x 1km? grid was generated for the
entire island, and the population and buildings registered in the inventory per district
have been distributed across the grid cells, together with their registered characteris-
tics. These include the building material, the period of construction and their number of
stories.

The classification of buildings per typology has taken place following the European
Building Taxonomy Classification, as defined during the RiskUE project (2003). The cri-
teria of the classification are: (i) the material, (ii) the construction period, (iii) the design
codes employed and (iv) the building height. Hence, the following typologies are available,
according to Chrysostomou et al. (2014): load-bearing masonry, reinforced concrete (RC)
frames for low- and mid- to high-rise buildings and further distinction of RC structures for
low ductility (with no Earthquake Resistance Design—*“no ERD”’) and moderate ductility
(“ERD” buildings). The mid- to high-rise buildings have been grouped together, based on
the availability of fragility curves, as explained below and the low availability of damage to
the former category.

As far as the seismic design code evolution is concerned, according to Chrysosto-
mou (2009), in the aftermath of the major Thessaloniki’s earthquake in 1978, the Cyp-
riot Commission for Earthquake Measurements was established. The first measurements
were then set up in Cyprus for the protection of the population and the built environment
from earthquake hazard. Furthermore, the first guidelines for the seismic design of rein-
forced concrete and masonry buildings were issued, as the first attempt to incorporate lat-
eral loads in the structural design of buildings. It was only in 1992 that the Association of
Civil Engineers and Architects of Cyprus (ASEAC 1992), drafted the first Cypriot Seismic
design code, based on the CEB standards (CEB 1991). Its implementation was optional
until 1994 when it was put in mandatory force. Until then, engineers had the option to
select the implementation of any of the international codes they were familiar with. Finally,
according to 2011 Regulation, Eurocodes, with their National Annexes, were introduced
as obligatory standard for structural/seismic design with no other standard in parallel use
since 2012. With regard to the northern part, the seismic design was enforced in 1999 with
the Turkish earthquake code, updated in 2007 (TEC 2007).

The first seismic zonation map was proposed with the Guidelines of 1978, in terms of
seismic intensity, being based on data of historical earthquakes. The island was divided
into four isoseismic zones with intensities ranging between /=6 (white) and 10 (red)
(Fig. 7a). Within 1992 Code (CCEAA 1992) (Fig. 7b), the first seismic zonation in terms
of peak ground acceleration was introduced with zones compatible to the former map and
values ranging between 0.075 g and 0.15 g in the southern, most seismic part of the island.
Lateral loads were then taken into account as the respective ratio of acceleration of grav-
ity. In 2004, the new seismic zonation was published (Fig. 7c) and remains into force up
to date. It is evident that the update was to the safe side as the design accelerations were
upgraded to 0.15 g and 0.25 g, respectively, and the moderate zone was extended to a larger
part of the island.

As far as the type of buildings is concerned, it has been reported (Chrysostomou et al.
2014) that the vast majority of load-bearing masonry buildings was built prior to 1975.
Simple stone, most commonly sand stone, constitutes the typical material of the traditional
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Cypriot architecture, especially in Nicosia and Limassol, the larger cities (Papadouris
1990). It is used along with mortar and often combined with timber elements. Moreover,
mudbrick is an old material for adobe structures mainly found in rural communities in the
alluvial plains. It is often protected by gypsum or mud plaster with timber wedges. How-
ever, since no detailed information is given with respect to the typology of masonry, no
distinction was made between adobe and simple stone material.

Maps in Fig. 8 illustrate separately the spatial distribution of residential buildings of
reinforced concrete and masonry buildings throughout the island. As expected, there is a
high concentration (> 3000 buildings per grid) in the big cities (Nicosia, Paphos, Limassol,
Larnaca). Masonry buildings, if not accounting for the big cities, are mostly concentrated
in the northern part of the island, which, historically, has undergone the least economic
development. On the other hand, RC buildings are more unevenly distributed throughout
the island, and this is also encountered among buildings with and without ERD (Fig. 9);
the latter being mostly concentrated in the urban centres of the island earlier developed.
This observation is compatible with the trend of urban expansion during the past 40 years.
The latter map of RC distribution is compatible with population distribution with higher
concentrations in the four big cities.

Figure 10 demonstrates the typological distribution of residential buildings throughout
the island with ratios and absolute numbers. The total number of buildings, as registered
in the Census, is 326820. It is evident that low- to mid-rise RC buildings with no seismic
design (ERD) is the predominant typology (57% of the building stock), accommodating
the 54% of the island’s population. Its counterpart with ERD is the most common typology
(23%). Seventeen percente of the registered building stock is made of bearing masonry,
being mainly encountered in the northern part of the island (Fig. 8a), if not accounting
for the major cities. Approximately the 15% of the population lives in masonry buildings,
being one of the lowest ratios in Europe, according to the exposure model developed in
SERA project (Crowley et al. 2020). High-rise buildings correspond to be around the 3%
of the island’s building stock. It should be noted that a number of high-rise buildings have
been erected in the main cities after 2011 but, considering that these are individual struc-
tures following the most modern seismic design provisions, their exclusion from the expo-
sure model is not considered to significantly affect the overall risk outcome.
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Fig. 9 Distribution of RC buildings built a without earthquake-resistant design (ERD) and b with ERD

3.1.2 Building replacement value

The replacement value, i.e. the actual cost of an asset to be currently rebuilt, is a term
coming from insurance world and belongs to the exposure module of a risk study, aiming
to loss assessment at economic terms. Based on empirical data and experts’ solicitation,
the average area per floor for residential buildings has been set for older/no ERD typol-
ogies equal to 80 and for younger ones equal to 100m? The replacement cost only for
structural works ranges between 600 and 800 euro/m? with higher cost attributed to ERD
high- and low-rise buildings, both corresponding to newer luxurious structures. Replace-
ment values do not include non-structural elements. The total structural replacement value
of the exposed residential assets is estimated around 32 billion euro. As discussed during
the exchanges for the creation of SERA exposure model (Crowley et al. 2020), additional
parameters may be taken into account, herein neglected for simplification purposes. Some
of these are: differentiation per urban/rural areas, additional labour and transfer costs in
remote areas, material cost due to seismicity zone.

3.2 Vulnerability and consequence modelling

Within a National Risk Assessment study, the selection of the appropriate and most repre-
sentative available vulnerability model is a highly scientific and demanding process, as the
assessment of the vulnerability component is crucial and a determining factor of the risk
estimate. The implementation of vulnerability models derived from published local stud-
ies, when available and trustworthy, is strongly recommended. Fragility curves, analyti-
cally developed for local typologies, have incorporated a range of local material properties
and construction and design practices, varying among different countries and eras, local
structural detailing and reinforcement ratio, varying even for the same structural systems
due to different building codes or local practices, e.g. spacing of stirrups or mortar thick-
ness, architectural peculiarities and other characteristics determinant for buildings’ seismic
performance. Should empirical results be available, validating the computational fragil-
ity estimates, it is also recommended to be employed, at building capacity or final perfor-
mance level.
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Fig. 10 Distribution of a building typologies and b population per building typology for Cyprus

In the current study, the fragility curves analytically derived by Kyriakides et al. (2015)
have been used for the vulnerability simulation of reinforced concrete (RC) buildings. Fra-
gility curves for low-rise frame buildings (for average height of 2 stories) have been gener-
ated, due to the multitude of this typology, as well as fragility curves for high-rise frame
buildings (for average height of 7 stories), due to their observed vulnerability. The curves
correspond to buildings without any seismic design provision (“No ERD” prior to 1992)
and with ERD, according to the Cypriot Seismic design after 1992. To account for build-
ing variability within each structural typology, structural characteristics (material strength
and detailing) were treated probabilistically using the Latin hypercube sampling technique.
In total, 60 building models have been simulated and 420 time-history analyses were per-
formed for seven sets of real acceleration records matched to the elastic acceleration spec-
trum derived for the two seismic zones of Limassol in the microzonation study of CGCD
(2000).

Mid-rise buildings of 3-5 stories height have not been thoroughly examined by Kyri-
akides et al. (2015) due to low damage recording from previous earthquakes and limited
resources. After engineering judgment, fragility curves of high-rise category, with aver-
age number of storeys equal to six, were attributed to the mid- to high-rise category of
building.

As far as bearing masonry buildings are concerned, in the absence of local studies, it
has been decided to make use of curves referenced in the literature of the same region, for
which engineering expertise demonstrates the existence of similar typology as in Cyprus.
Hence, from the GEM/OpenQuake Physical Vulnerability Database (GEM 2020b), the ana-
lytical fragility curves developed by Ahmad et al. (2011) for the Euro-mediterranean low-
to mid-rise masonry buildings have been selected. The curves are derived after nonlinear
static analyses of prototype 2D buildings and seismic hazard obtained from 10 natural US
accelerograms and IBS-2006 rock acceleration spectra. Uncertainties in lateral stiffness,
strength and damage limit states are taken into account through Monte Carlo simulations.

Important issue when different vulnerability models are employed is the compatibility
and harmonization of damage states as well as intensity measures. With regard to the latter,
all fragility curves selected are derived against peak ground acceleration. Damage states
implemented herein follow the 4-grade scaling of HAZUS (FEMA 2003) with qualitative
generic description for all building typologies. However, the qualitative approach requires
an agreement on the empirical interpretation and computational equivalence of each dam-
age state along the capacity curve. Hence, below (Table 3) are enlisted the Damage States

@ Springer



Natural Hazards (2022) 112:665-695 679

for RC buildings, as adopted by Kyriakides et al. (2015) following EN1998 (CEN 2004)
performance thresholds, and corresponding inter-storey drift limits for masonry buildings,
as employed by Ahmad et al. (2011) according to UPAV (for SYNER-G project; VCE
2011) or DBELA methodology (Calvi 1999).

The final risk estimate is based on vulnerability curves, functions that describe a total
loss ratio for each level of intensity measure.These imply the adoption of a consequence
(or damage ratio) model to be combined with the fragility curves. The consequence model
expresses the ratio of cost of repair with respect to the cost of replacement for each damage
state. This is usually constructed based on damage information claimed by householders in
financial terms following a damaging earthquake when requesting financial aid. These data
were not easily available with the current resources for Cyprus, and thus, published mod-
els by Kappos et al. (2006), based on the Greek reality, have been adopted considering no
major discrepancies due to the similarities of structural typologies: {RC: 5%(S), 20%(M),
45%(E), 80%(C); M: 12%(S), 30%(M), 55%(E), 85%(C)}.

In Fig. 11a, vulnerability curves for all aggregated building typologies are illustrated and
respective loss ratios per damage state in Fig. 11b. Considering the small discrepancies
among the damage ratios of RC and masonry typologies, the curves’ level can be repre-
sentative of the vulnerability of the typologies, with masonry being the most vulnerable,
followed by RC no-ERD low-rise typologies. Interestingly, among the no-ERD typolo-
gies, the low-rise buildings are slightly more vulnerable than the high-rise ones, what can
be explained by the realization that higher levels of redistribution take place in high-rise
buildings and higher compressive forces on columns increase their capacity. Addition-
ally, in practice high-rise buildings tend to have more elaborated construction detailing
and average material properties, which has not been modelled at this phase. Among ERD
buildings, low-rise exhibit less vulnerable behaviour.

3.3 Risk and economic loss outcome

First outcome of the probabilistic risk analysis (here stochastic event-based) is the deriva-
tion of the mean loss exceedance curve (i.e. list of aggregated losses for respective prob-
abilities of being exceeded) for the entire portfolio of assets (Kazantzidou-Firtinidou et al.
2019). This is constructed for all assets, considering all possible paths of the hazard logic
trees and for the cumulative impact that may be exceeded of all earthquakes that might
occur during the investigation time.
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Fig. 11 a Loss curves for aggregated building typologies considered and b loss ratios for RC and masonry
typologies
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Hence, the expected aggregated mean loss with T=475 years (or 10% poe in50y) is 3.46
billion euro, what corresponds to 10.8% mean loss ratio and the 14.1% of Cyprus island
GDP (gross domestic product). The expected aggregated mean loss is 6.3 billion euro with
T=2500 years (or 2% poe in 50y), what corresponds to 19.8% mean loss ratio or 25.6% of
Cyprus island GDP. The mean loss ratio is calculated with normalization of the aggregated
loss over the total replacement value of the entire building portfolio (~32 billion euro).
Losses account only for structural cost and do not consider losses due to non-structural or
content damage. It should be noted that the aggregated losses are calculated over a sum of
events that may occur throughout the investigation time for a given probability.

As for the spatial distribution of losses, the probabilistic loss maps below (Fig. 12) illus-
trate the aggregated average losses per grid for 7=475y(left) and T=2500y (right). The
spatial distribution does not change significantly for the two return periods, and the highest
loss is concentrated in the urban areas with the highest exposure (Fig. 8). It is noted that
Limassol (in South) presents the highest expected loss, while the affected area of Nicosia
is more extended as opposed to Paphos and Larnaca. For T=475y, mean aggregated losses
expected to reach 550 M in certain urban locations, while this metric might reach 750 M
for T=2500y.

The estimated average annual loss (AAL) that corresponds to the risk investigation
time (r=150 years) is equal to 116 million euro, approximately the 0.50% of the island’s
GDP. Moreover, the average annual loss ratio (AALR) for the residential building port-
folio is estimated equal to 0.36%. AALR is computed as the fraction of the average
annual loss with the total building replacement value (only structural cost) and is a
representative normalized metric of loss, often employed for comparison purposes.
Comparison with risk results of GEM Foundation (Silva et al. 2018), which concludes
to total (sum of residential, commercial and industrial) AAL equal to 295 million
euro and AALR equal to 0.14%, is not straightforward as the current study takes into
account only structural replacement cost and loss while GEM’s includes structural,
non-structural and contents cost. It should be also noted that GEM has not included
the northern part of the island and differences may be also attributed to the use of dif-
ferent fragility curves, what proves the importance of the structural component. Spatial
distribution of AAL and ALLR is qualitatively well compatible although the current
study employs a larger resolution. Table 4 lists the AAL and AALR as well as the
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Fig. 12 Loss map (in million euro) for a 10% poe in 50 years (T=475 years) and b for 2% poe in 50 years
(T'=2500 years)
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exposed population for the entire island and for the major cities. Figure 13 illustrates
the spatial distribution of AAL and AALR throughout the island. The largest cities
concentrate the highest AAL, as expected, while AALR is increased in a larger extent,
especially in the southern part of the island. Uncertainties upon the assumption of the
grid cells per city, including a larger are than the urban part of the metropolitan cit-
ies, should be taken into account. It is interesting that Nicosia’s exposed population is
higher than Limassol’s for significantly lower average annual loss and loss ratio, what
is explained by the high population density of Cyprus capital (Nicosia), the higher
number of replacement value of the exposed assets in Limassol and increased seismic
hazard within the same return period. Furthermore, ALLR is also significantly higher
in Limassol, what explains better the combined vulnerability and hazard that buildings
in Limassol experience, independently of their population and replacement value.

Figure 14 illustrates the disaggregation of the total average annual loss and aver-
age annual loss ratio per structural typology. The latter has been computed over the
total replacement value assumed per typology. From both figures, it is evident that
masonry and RC-no-ERD low-to-mid-rise buildings contribute the most to the total
average annual loss being the most vulnerable typologies. This is even more evident
when studying the loss in terms of loss ratio, accounting for the replacement value
of the exposed assets of given typologies. Observing the latter normalized results,
masonry buildings have the highest loss ratio, which is compatible with their being the
most vulnerable typology (Fig. 11). As a matter of fact, no-ERD low-to-mid-rise build-
ings correspond also to the largest building population (Fig. 10), what places them
on top of the overall loss contribution ranking, while masonry buildings, although of
low exposure (Fig. 10), contribute largely to the total structural loss due to their high
vulnerability.

Compatible to the above-mentioned average annual results are the aggregated con-
clusions for the two studied return periods (T'=475y, T=2500y). More precisely, the

Table4 Average annpal loss (in Total Nicosia  Larnaca Limassol Paphos

euro) and corresponding exposed

population AAL 116M  130M  87M  236M  90M
AALR 0.36% 0.31% 0.44% 0.69% 0.63%

Population 1,022,406 143,558 37,771 127,629 40,012
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Fig. 13 a. Average annual loss and b. average annual loss ratio
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Fig. 14 Disaggregation of a average annual loss (AAL) and b AAL ratio per structural typology

[

aggregated economic impact mentioned above is expected to be attributed to masonry
damage within a range of 15 to 18% and 70 to 75% to RC-no-ERD low-to-mid-rise
buildings respectively. Interestingly, most recent RC ERD buildings are expected to
contribute less (3.5% against 7.8% for T=475y) in the case of 7=2500y. This can be
explained by the fact that new constructions, mainly in the area of Limassol, are less
affected by the seismic faults with higher return period, according to the seismic cata-
logue considered. On the other hand, no conclusions can be drawn with regard to cor-
relation of particular typologies with hazard distribution at national scale, considering
smooth hazard reduction from SW to NE and typologies distribution of Figs. 8 and 9.

4 Scenario-based analysis

Disaster risk management tends to opt for scenario-based analysis, which gives more
specific and understandable results for operational purposes, while also providing more
comprehensive outcomes and allows for further elaborations that are necessary for capac-
ity building and training purposes. Often, selection varies among the most probable, the
worst-case and historical scenarios. The latter with empirical observations allow for cross-
validation of analytical results and are often employed for calibration of the input models
of probabilistic analysis. Within NRA, for every hazard, three (3) scenarios are identified
and selected, compatible with each other for compilation of overall risk matrix. These are
(a) the worst-case scenario—plausible with upper risk limit/level, (b) expected scenario—
the scenario to be prepared for, and (c) best case/mild scenario—plausible with lower risk
limit.

In the current study, two seismic scenarios have been selected to be presented, one being
the expected scenario (with T=475-year return period aggregate loss) and one representa-
tive of the worst-case scenario (with 7=2500y aggregate loss). The selection of the earth-
quake ruptures has been randomly made among all different realizations of the existing
stochastic catalogue that are able to generate aggregated losses with given return periods.
The scenarios have been selected based on the probabilities of occurrence of losses being
selected in correspondence with the design earthquake and the most credible earthquake
scenarios. The stochastic catalogue has been generated by OQ by collecting all possible
ruptures produced by the set of seismic sources (SHARE model input) over a given fixed
time span. The GMPE that was decided to be implemented was that of Akkar and Bommer
(2010), following the recommendation of Cagnan and Tanircan (2010). Each scenario was
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performed for a number of 1000 ground motion fields (for different ruptures within the
fault).

In Fig. 15, the fault lines and surface for the two scenarios are projected on the earth’s
surface on the island of Cyprus. The fault geometry and characteristics and the rupture
magnitude of the selected events are also marked. The expected scenario (T=475y) is sim-
ulated by a fault that lies southern of Limassol with significantly high moment magnitude
(Mw7.7), while the worst-case scenario (with 7=2500y) has significant length, runs inland
along the western shore of the island, while its moment magnitude is lower (Mw6.9) 5. It
is, thus, noted that the probability of occurrence has been employed as unique criterion
for the scenarios selection, what does not necessarily imply that the “worst case”, with the
highest return period, yields the most adverse results. As a matter of fact, the highest val-
ues of PGA for both scenarios do not differ significantly, due to similar characteristics of
seismogenic faults, other than their length (Fig. 15). Faults of important length, as proved
in Fig. 16, are able to affect a significantly extended area. Hence, although absolute PGA
values converge, the PGA distribution and the zones affected by different ground accelera-
tion values differ significantly. The exposed assets that lie within the different PGA zones
will be determinant for the final risk and loss outcome.

4.1 Damage and economic loss

Scenario damage and risk assessment have been performed for the selected earthquake
rupture scenarios, taking into account epistemic and aleatory uncertainties. Damage statis-
tics exported include mean values and standard deviation for the number of buildings that
are expected to suffer the four different damage states for which the fragility curves have
been defined. In the collapse maps of Kazantzidou-Firtinidou et al. (2019), spatial distribu-
tion of buildings estimated to experience damage at the state of collapse or nearly collapse

T=2500y (Mw6.9; A
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Fig. 15 Seismological characteristics of two seismic scenarios analysed
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(a) (b)

Fig. 16 PGA distribution for scenario a 7=475y and b T=2500y

was illustrated. For Scenario T=475y, collapses are mainly concentrated to the southern
and central parts of the island, where Limassol, Larnaca and Nicosia are also located. On
the other hand, collapses for T=2500y scenario are mostly located to the westernmost side
of Cyprus, with Limassol being the only urban area. As discussed, the spatial distribution
of hazard values in correlation to the building stock and its characteristics determine the
final damage statistics.

Figure 17a demonstrates the number of buildings that suffer from different damage
states for the two analysed seismic scenarios. It is interesting to notice that the ~ 83,000
buildings (25.64%) and ~ 106,000 (32.52%) (% of the total building stock) for the T=475y
and the 7=2500y scenario are expected to reach the “Complete” damage state, respec-
tively. On the other hand, ~ 130,000 (40.07%) and 105,000 (32.19%) buildings, respec-
tively, are expected to present no damage. In addition, the chart of Fig. 17b depicts the ratio
of collapsed buildings per structural typology, clearly demonstrating the most vulnerable
typologies. It is evident, therefore, that for both scenarios for the masonry and the no-ERD
low- to-mid-rise typologies, more than 30% of their stock is expected to present damage at
the level of collapse. For the case of scenario 7=2500y, this ratio exceeds even 40%, what
is explained by the spatial distribution of PGA, affecting large zones and most importantly
urban areas.

The disaggregation of the damage outcome per structural typology (Fig. 18) provides
observations for further analysis and indications for potential targeted interventions. The
presentation of results with the ratio of damaged buildings per total stock of each structural
typology provides more representative results of the typological performance for each sce-
nario. For the T=475y and T=2500y scenarios, in addition to the previous observations, a
significant ratio of more than 20% of no-ERD high-rise buildings presents extensive dam-
age at both scenarios. On the other hand, among the ERD buildings, high-rise buildings are
expected to suffer more significant damage, as 8—10% are estimated to be extensively dam-
aged. The latter is compatible to the fragility curves of Fig. 9.

Figure 19 depicts the distribution of the aggregated economic loss per grid for the
T=475y (left) and T=2500y (right) scenarios. Considering the vicinity of the fault
for T=475y to Limassol (Fig. 15) and the high exposure value, Limassol and its sur-
roundings is the most heavily affected area. Considering the scenario for 7=2500y, the
affected areas are shifted to the western part of the island, compatible to the faults trace
location. Although the number of collapsed buildings may not change significantly,
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Fig. 17 a Distribution of number of buildings per damage state and b ratio of collapsed buildings (‘“‘com-
plete”) over total number of buildings per typology for the two scenarios

Damage states

more important levels of damage are observed to a larger amount of structures and to
more extended zones, what is also compatible to the distribution of loss. Among the big
cities, the highest economic loss is expected in Limassol for both scenarios (Table 5),
due to both the high concentrated damage and the high exposed replacement value. The
area that corresponds to each city has been attributed to the corresponding grid cells
with the best possible approximation. Monetary loss is quite significant across the island
for both scenarios, since a large number of buildings are expected to suffer from damage
and significant structural loss. The total amount is significantly higher than the outcome
of stochastic event-based for the respective return periods (T=475y, T=2500y), consid-
ering that the mean loss for the scenarios is averaged out across the different simulations
performed within the event, while in the event-based calculations there is a single inter-
event mean and sigma value associated with losses of a specific return period.

At this point, it would be necessary to mention the possibility and usefulness of an
integrated risk analysis, accounting for both physical and social vulnerabilities. The lat-
ter, being a complex and multidimensional concept, is able to assist to identify those
characteristics and experiences of population that enable them to respond and recover
from natural hazards (Cutter et al. 2003). Practically, it obtains a (comparative) measure
through the variations of socio-economic variables that may alternate impacts of seis-
mic hazard on population and state’s economy. The integration of these variables, by
means of calibrated indices, into the physical modules, is able to modify the final risk
impact and is part of the so-called integrated risk analysis (Burton et al. 2014). Social
indices, implemented in the final risk outcome, are able to decrease or aggravate aggre-
gated or distributed loss values. This has not been implemented in the current study as it
implies deep elaboration of local socio-economic data.

4.2 Human loss

For the seismic scenarios, risk is estimated also in terms of human loss, casualties and
displaced population. Civil Defence and Healthcare authorities, at national level and
as decentralized administrations, could make use of the estimated figures in order to
build capacities and allocate necessary budget. The order of magnitude of the estimated
figures is to be employed, and the outcome of a range of scenarios can be additionally
analysed.
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Fig. 19 Loss map for seismic scenario with a T=475 years and b 7=2500 years (right)

Table 5 Monetary loss estimated
for the four major cities, for the
two analysed scenarios

Total Nicosia Larnaca Limassol Paphos

Scenario T=475y 7.7B 1.1B 530 M 1.6B 150 M
Scenario 7=2500y 9.5B 1.1B 363M  1.3B 645 M

For the seismic scenarios, risk in terms of human loss has been also estimated in
order to obtain a number of affected population to be elaborated as order of magnitude
for disaster management purposes. This estimate is valuable for preparedness of the
Civil Defence and municipalities for healthcare capacities, short- and long-term accom-
modation, emergency response and relevant budget allocation.

4.2.1 Casualties

For the estimation of non-fatal casualties, or injuries in need of a greater degree of med-
ical care and in need of transition to healthcare facilities, the model adopted was pro-
posed by HAZUS (1999) for indoor casualties and it has been applied only for Injury
Severity 2 (Injuries requiring a greater degree of medical care). Hence, the casualty
event tree described by HAZUS (1999) has been trimmed for estimation of Severity 2
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Table 6 Casualty rates per severity level and damage state (DG)

Slight (%) Moderate (%) Extensive (%) Complete (%)
Reinforced concrete 0.0 0.03 0.10 1.0
Masonry 0.0 0.10 0.20 2.0

injuries, to which all the branching probabilities (all four fragility curves) contribute
with different weights for the main building typologies (Table 6):

Psevs = [P(ds ) # Psevo_s+ P(ds yr) # Pseyo ar + P(ds ) % Pseyo_p + P(ds_¢) * Psevs ] * My

P(ds ;) with i=S (slight), M (moderate), E (extensive), C (complete) is the probability for
each damage state (fragility curves). Pg.,,_; with i=S,M,E,C is the probability of injuries
per damage state in ratios, as proposed by HAZUS (1999).

The M2 coefficient, to account for occupancy rates at residential and non-residential
buildings, differentiates daytime and night-time. It is taken equal to 0.49 for daytime
and 0.70 at night-time, assuming 80% residential buildings and 20% non-residential.
Occupancy rates of 40% for residential building in daytime and 75% for non-residential
are assumed. Similarly, 75% for residential and 40% for non-residential buildings are
assumed for night-time. Further investigation could be made based on actual statistical
data, what has been though out of the scope of the present study.

The expected number of occupants injured per Severity 2 or in fatal state (ENgc.ypants)
is a product of the number of occupants per asset at the time of earthquake (daytime,
night-time) (Nycypants) @nd their probability of being injured (Pg,,,), computed as vul-
nerability curves in loss human ratio terms. The population included in the input file
refers to the total registered population per asset, as given by the 2011 Census and elab-
orated by Chrysostomou et al. (2014).

EN =N

occupants * PSev,Z

occupants_Sev,i

For modelling of fatalities, the model of Coburn and Spence (2002) has been adopted
with the values for the parameters as proposed by Spence for Thessaloniki case study
(Greece) within LESSLOS project (Spence 2007). This model enables the straight corre-
lation of casualties with the vulnerability of the buildings, other than their use. Fatalities
have been separately estimated for daytime and night-time, considering 80% of residential
buildings and 20% of non-residential. Only the 1% of the fragility curves of the “com-
plete” damage state are considered to contribute to the fatalities estimation, as following
the model adopted herein; given “complete” state only the 1% is expected to collapse. The
base model is:

Kg= M, My -M;- (M, +Ms-(1-M,))]

where M,: the occupancy rate per building block (number of people/m? of building area).
Here it is adopted equal to 0.025, mean proposed value for Thessaloniki (thus 40 m? per
inhabitant), for simplification equal for all typologies. M,: a coefficient that depends on
the use of the building at the time the earthquake strikes, equal to 0.49 for day and 0.7
for night use. Mj;: ratio of inhabitants trapped in the building due to collapse, given “Col-
lapse” of the “Complete” state. This parameter is based on empirical data and an average
value of 0.18 is adopted for the 475 years scenario and 0.26 for the 2500 years scenario.
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As proposed for the case of Thessaloniki, the 0.01 of the buildings in “complete” state are
expected to completely collapse. M,: the coefficient that correlates collapse with fatali-
ties (dead or unsavable), taken for RC buildings equal to 0.4 and for masonry equal to 0.1,
based on empirical casualty data and building collapse mechanisms. Similarly, the 0.01
of the buildings in “complete” state is expected to completely collapse. Mj: stands for the
mortality due to collapses, taken as 0.7 for RC buildings and 0.45 for masonry buildings,
again based on empirical statistical data.

In Table 7, the numbers of fatalities and injuries (severity 2) have been enlisted for the
major cities, as a range between the day and night estimates. Although emergency manage-
ment at municipality level requires risk assessment at higher resolution level and highly
accounts for operational needs, the estimates enlisted herein provide an overview of the
human impact of the two analysed scenarios throughout the island. Moreover, the ratios
of the affected population with respect to the exposed population in the same cell grids
are also marked. Although the absolute numbers are more useful for disaster management
and preparedness purposes, these relative figures provide a more representative picture
of the extent each city is affected by each seismic event, acknowledging all uncertainties
involved. It is noted that following the selected model, fatalities correspond only to com-
pletely collapsed buildings, while other fatalities have been neglected. The aggregated fig-
ures of casualties at national level, exceeding the summation of the major cities, indicate
that affected population is well dispersed throughout the island, compatible to the damage
and population distribution.

As far as the 475-year loss scenario is concerned, triggered by the activation of a
WNW-ESE fault, dipping NNE, in the vicinity of Limassol, it leads to 1 fatality, for day
or night scenario and few hundreds of injuries in Limassol city and its surroundings. The
2500-year loss scenario, with a 140-m-long NW-SE fault dipping NE, located towards the
western part of the island, affects less Limassol, yet high numbers are also encountered in
this area due to the population and buildings density. Paphos, is the most affected city for
this scenario, being in the vicinity of the causative fault, with several dozens of injuries.
Nicosia, with a high population density, presents injuries, ranging between 80 and 250 peo-
ple for both scenarios, while no fatalities are estimated. Finally, Larnaca seems to be more
affected by the 475-year scenario with 25-60 injuries. For the entire island, both scenarios
yield expected injuries in the range of 700—1700 and a low total number of fatalities, no
more than 6 people (Table 7).

Table 7 Casualties per scenario and major cities

Cities Injuries Fatalities
475 years 2500 years 475 years 2500 years
People Ratio (%) People Ratio (%) People People
Nicosia 80-200 0.06-0.14 100-240 0.07-0.16 0 0
Larnaca 25-60 0.07-0.16 10-25 0.03-0.07 0 0
Limassol 310-700 0.24-0.54 210-500 0.17-0.40 1 0-1
Paphos 3-10 0.01-0.02 60-155 0.16-0.40 0 0-1
Total 730-1500 0.07-0.15 870-1770 0.09-0.17 2-3 4-6
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4.2.2 Displaced population

Earthquakes can cause loss of function or habitability of buildings, as described by the
damage grades classification. The estimation of the affected number of population that
would need to be displaced provides useful figures (order of magnitude) to stakeholders for
anticipation of post-disaster provisions and/or evacuation planning. In the current study, it
has been decided to estimate the population that would require to be displaced at long-term
basis. According to the shelter model of HAZUS (1999), only residents of buildings esti-
mated to suffer extensive and complete damage are expected to be evacuated and temporar-
ily sheltered for a time period of few weeks up to two months (Quarantelli 1982).

#DP, = {p [dst] +p [dsC]} - Population

Furthermore, in order to make a more realistic approach of the actual population that
would evacuate and eventually seek public sheltering, HAZUS (1999) suggests several
reduction coefficients to be applied upon the above-estimated numbers, with weight factors
based mainly on US reality (ethnic, income, ownership, age considerations). In the current
study, these weight coefficients have been omitted but reference is made to the need for a
more thorough study based on the social vulnerability of the area and its differential dis-
tribution, in the principles of the aforementioned integrated risk analysis. The latter could
lead to calibration of customized reduction factors, based on socio-economic indices (age,
education, income, ethnicity, etc.), access to infrastructure, ratio of damage buildings in the
area, house ownership and other dimensions able to affect the willingness or need of peo-
ple to seek state’s assistance.

Hence, for the estimation of an order of magnitude of evacuees in need of public tempo-
rary shelter, for which the civil protection authorities need to anticipate with procurement
of material, empirical data documented in Gountromichou et al. (2017) and Kazantzidou-
Firtinidou et al. (2018), as part of PACES Project, has been employed. With further experts
input for Cyprus and considering the Cypriot mentality and family bonds, the possibil-
ity of ships to be used for population sheltering and the large amount of touristic lodges
to be employed after safety inspection, the 50% of the estimated displaced population is
expected to be in need of public sheltering in tents or other portable structures (as dis-
cussed in Kazantzidou-Firtinidou et al. 2021).

For the two analysed scenarios, national capacities should be built for a range of dis-
placed population between 93 and 110 thousands, while optimization of storage allocation
throughout the island would better be made according to the national risk map of Fig. 12,
for T=475y, accounting for a number of seismic events.

5 Conclusions

The seismic risk has been estimated at national level for the island of Cyprus, as part of
the National Risk Assessment submitted to DG ECHO. A probabilistic methodology for
hazard and risk assessment has been implemented, leading to the selection of seismic sce-
narios of 10% and 2% probability of occurrence, being compatible to the expected and
worst-case scenario, respectively.

The seismic hazard, based on the European seismic hazard model of SHARE (Giardini
et al. 2013) project, has been first computed with classical probabilistic seismic hazard
analysis, providing expected acceleration values significantly higher than the design ones
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(for 10% poe in 50 years). The input hazard is deemed to be determinant for the loss esti-
mate. Hazard curves and maps extracted may be useful to decision-makers, such as urban
planners and civil defence authorities for issuing regulations based on hazard distribution.

Stochastic event-based risk analysis, implementing the seismic catalogue as regis-
tered in SHARE project, the exposure and vulnerability models provided by local studies
(Chrysostomou et al. 2014; Kyriakides et al. 2015), yields the expected aggregated mon-
etary loss estimate for given probabilities and the average annual structural monetary loss
for residential buildings. The latter is equal to 116 million euro with 0.16% being the loss
ratio, estimated against the replacement value for structural works of the residential build-
ing stock of the island. The aggregated mean loss with T=475 years is estimated equal
to 3.46 billion euro, while for T=2500 years the respective estimate is 6.3 billion euro.
Acknowledging all uncertainties a national scale analysis may imply, making also reference
to the large standard deviations the inter-event loss averaging is accompanied by, these out-
comes can yet provide a reasonable order of magnitude of cumulative estimated losses,
especially in relatively low return periods, and can be proven a viable tool in the hands of
decision stakeholders.

Limassol is the city with the highest expected average annual loss and loss ratio,
although the affected population is lower than Nicosia, being the capital of Cyprus Repub-
lic. This is explained, by the high replacement value of Limassol’s building stock, as well
as the significant damage it is expected to suffer due to its seismotectonic region. Masonry
buildings, mainly located in the main cities and North island, and low- to mid-rise build-
ings with no seismic design, unevenly distributed throughout the island are the typologies
that mainly contribute to the total monetary loss. Seismic design was only imposed in the
Republic of Cyprus in 1992, and thus, more than 70% of the Cypriot building stock was
erected without homogenized seismic design regulations.

Two seismic scenarios have been selected, the first is one among those of the stochastic
catalogue that may lead to losses with probability of occurrence 10% in 50 years (I'=475y)
and the second one to losses with probability of occurrence 2% in 50 years (7'=2500y).
Both scenarios are expected to affect the entire island due to their significant length and
magnitude, with maximum PGA equal to 0.4 g. Spatial distribution of ground motion and
damage is compatible to the location of the earthquake ruptures. Interesting observations
have been made upon the typological contribution to the overall damage and loss after-
math. For both scenarios, 80-100,000 buildings are expected to reach the level of collapse,
with the majority being masonry and low-to-mid-rise buildings with no seismic design,
while a small, yet not insignificant ratio of ERD is expected to suffer from extensive to
complete damage. For both scenarios, the aggregated monetary loss, reaching 7.7 billion
for the T=475 years scenario and 9.5 billion for the 7=2500 years scenario is also docu-
mented, together with loss distribution throughout the island.

Scenario-based analysis allowed also for the assessment of loss at human terms, direct
metric for affected population and mortality and indirect for socio-economic impact.
Hence, injuries and fatalities have been estimated with the use of casualty models avail-
able in the literature (HAZUS 1999; Coburn and Spence 2002). It should be noted that
consequence models for human loss are highly dependent on the local conditions, such as
collapse mechanisms of most prone to collapse structures, cultural and other characteris-
tics that determine need and willingness to seek public accommodation. For future studies,
it is strongly recommended to base this result in localized research. For both scenarios,
expected injuries vary between 700 and 1700 people, while no more than 6 fatalities for
the worst-case scenario are estimated for the entire island. Limassol is again most highly
affected, due to its vicinity to the faults, high population and building exposure. Displaced
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population that will seek temporary sheltering is estimated at national level and reaches
100,000 people for both scenarios. Values for human loss estimates are again tackled
with the accuracy of the order of magnitude, but they can be of outermost importance for
resources and capacities allocation at preparedness phase.

Modern disaster risk management recommendations foster the implementation of risk-
informed data for the development of strategies and the adoption of measurements tailored
to the scientifically revealed needs. The submission of national risk assessment every two
years to the European Commission allows for the improvement of risk understanding at
local and EU level, as well as the involvement of additional stakeholders, reinforcing the
importance of risk-driven decisions. Capacity building and management planning at pre-
paredness and response phase tend to be supported by risk outcomes, while mitigation and
prevention measures, such as anticipation of seismic strengthening budget and establish-
ment of catastrophe insurance premiums, have been proven to be based on risk results for
different portfolios. Implementation of scenario risk assessments, at different dimensions
with a common scale established among different hazards, allows for comparative conclu-
sion of the contribution of different hazards to the risk map of the country and thus sup-
ports prioritization of actions.

Concluding, it is highlighted that the current work was prepared with the scope to ful-
fil the obligation for submitting a National risk Assessment to the European Commission,
separately studied for the main hazards of Cyprus. It was based on available data, publicly
or following special request, and published scientific methodologies. It is thus noted that
no update of the study was performed to include any recent developments (e.g. the new
ESHM?20 that replaces the former ESHM13 model); thus, the results do not necessarily
reflect outcomes supported by state-of-the-art models and hypotheses. Moreover, the vali-
dations of loss estimates are deemed difficult due to the lack of comprehensive data as well
as events of the studied magnitude. In a future work, the compilation of a database with
historical information (seismological, structural, impact, etc.) from events of the twentieth
century is anticipated, with the cooperation with governmental agencies owning the data.
This will allow the validation and calibration of the models employed, further enriched by
new studies in the European hazard and risk science.
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