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Abstract A feasibility study of an earthquake early warning (EEW) system was con-

ducted for the Eastern Caribbean region using scenario earthquakes, corresponding to the

maximum credible earthquakes and to the earthquakes associated with a return period of

475 years. Broadband synthetic seismograms were produced at selected critical facilities,

where there is potential interest in the installation of an EEW system. The expected

damage was derived from the synthetic seismograms and compared with the lead-time

determined for both a regional and on-site EEW configuration. Next, the Virtual Seis-

mologist EEW algorithm, as included in SeisComP3, was tested. Additional broadband

synthetic seismograms were produced for the stations in the Eastern Caribbean seismic

networks in order to simulate the real time behaviour of the seismic networks during the

occurrence of the synthetic earthquakes and to assess the predictive capacity of the selected

ground motion prediction equation. Expected peak ground parameters and lead-times at the

critical facilities constitute the major outcome of the study.
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1 Introduction

The Eastern Caribbean is a region exposed to a medium to high seismic hazard, with a

475 years return period horizontal Peak Ground Acceleration (PGA) expected on stiff

ground that ranges between 0.21 and 0.38 g (Bozzoni et al. 2011). The hazard is largely

due to major subduction seismicity, which comprises both interface earthquakes located up

to a distance of 300 km from the volcanic island arc and intraplate earthquakes with

hypocentres down to a depth of about 200 km. The occurrence of large (MMaxObs

8.0–8.5, Shepherd 1992) and distant offshore earthquakes in the Eastern Caribbean,

together with the existence of several critical facilities spread throughout the region that

can benefit from an EEW system, makes the region well suited to assess the feasibility of

an EEW system. The local critical facilities that can benefit of the EEW include hospitals/

medical facilities, public utilities (e.g. electricity, water, telecommunications, sewerage),

airports, sea ports and power plants (e.g. coal, bagasse, natural gas, oil, diesel oil, heavy

oil, geothermal).

An EEW system uses information extracted from the first seconds of longitudinal (i.e.

compression or P) waves to estimate the expected ground motion from an on-going

earthquake and releases an alert prior to the arrival of the most damaging ground motion,

represented by the transverse (i.e. shear or S) waves. The difference in arrival time between

P- and S-waves is proportional to the distance from the hypocentre. The farther away a site

to be protected is located from the epicentral region, the longer will be the warning time.

However, the more distant the site is from the epicentre, the smaller is the intensity of

ground shaking. As a result, the expected level of ground shaking may be insignificant in

terms of damage potential, due to the attenuation of seismic waves in the lithosphere.

Therefore, in assessing the utility of an EEW system, there is a trade-off between longer

lead-time promoting effective warning and greater distance from the hypocentre reducing

the need for such warning at the sites of interest.

Two main configurations are generally implemented: the regional (or network based)

and on-site (or single station based) approaches. A hybrid approach (a combination of

regional and on-site) also exists (e.g. Böse et al. 2008; Köhler et al. 2009; Zollo et al.

2010). In the regional approach, a network of stations is distributed on the territory, in

proximity to the seismic sources. The regional EEW algorithms use the first P-wave

arrivals detected at the network to estimate the magnitude and location of an earthquake

and predict the ground motion at the (distant) site(s) to be protected using empirical ground

motion prediction equations. The alarm (which travels at a speed much faster than S-waves

since it is virtually close to the speed of light) is released based on expected damage at the

target site(s), which is a function of ground shaking and vulnerability of the specific

structure(s) to be protected. In the on-site approach, the stations are installed close to the

target site. In this case, the EEW algorithm uses the parameters estimated over few seconds

of recorded P-waves to estimate the ground motion at the same site and the expected time

from the arrival of the potentially damaging S waves.

This work focuses on the results of a feasibility study of an EEW system by investi-

gating whether such a system would be viable for selected sensitive facilities in the Eastern

Caribbean. The feasibility study of the use of the EEW system was conducted using a two-

step analysis, which involved:

1. Comparison of the theoretical warning times issuable to selected critical facilities with

the expected damage;

Bull Earthquake Eng

123



2. Estimation of the accuracy and robustness of location and magnitude determined using

the software package SeisComP3 (SC3, http://www.seiscomp3.org), which includes

the regional Virtual Seismologist (VS) algorithm (Cua and Heaton 2007) for near-

instantaneous estimates of earthquake magnitude [hereinafter referred to as VS(SC3)].

Both steps were carried out by:

(a) Identifying critical facilities potentially interested in an EEW system;

(b) Modelling scenario earthquakes (corresponding to the maximum credible earth-

quakes and to the earthquakes associated with a return period of 475 years),

developing suitable velocity structural models and producing synthetic

seismograms;

(c) Estimating the performance criteria and acceptable threshold limits relevant in

seismic fragility analysis.

The selection of the sample of sensitive facilities, located in the Eastern Caribbean

region and used in the present study, is discussed below.

2 Selection of critical facilities

Among the potentially vulnerable stakeholders spread throughout the islands, 11 facilities,

in Antigua (Antigua and Barbuda), Barbados and Trinidad (Trinidad and Tobago), were

chosen for this study. The selection was based on interviews and customized question-

naires distributed to administrators of hospitals/medical facilities, public utilities (e.g.

electricity, water, telecommunications, sewerage), airports, sea ports and energy produc-

tion plants (e.g. coal, bagasse, natural gas, oil, diesel oil, heavy oil, geothermal).

2.1 Antigua

Three critical facilities were identified in Antigua: Mount St John’s Medical Centre, V.

C. Bird International Airport and Antigua Public Utilities Authority (APUA)—Water

Plant. Mount St John’s Medical Centre is an hospital building, which is equipped with

piped oxygen, an highly flammable gas. The oxygen is supplied to bedsides from a dis-

tribution unit acting under pressure; a complex network of ducts delivers the oxygen

throughout the various buildings within the hospital complex. If appropriate sensors and

shut-off valves were installed, the warning time provided by an EEW system may allow

the oxygen supply to be interrupted, thus minimizing the probability of fires occurring. The

critical element for V. C. Bird International Airport is the refuelling unit and storage

facility. An EEW system may be used to discontinue the flow of fuel to the ramp locations

using the ramp based switches. However, there are several switches and if they were all

activated, the lines between them would remain filled with fuel that might still pose a

danger if lines ruptured. Therefore, it would be safer to install the shut-off mechanisms on

the lines feeding the ramp from the main storage. Thus, the supply to the ramp would be

discontinued at the source. The third facility being considered is Antigua Public Utilities

Authority (APUA)—Water Plant. This facility, although small, with a simple load bearing

block walled building, provides an important service. It supplies water to the northern

section of the island, where there are communities across the financial spectrum. There are

some houses that do not have adequate private rainwater collection and distribution sys-

tems and they are critically dependent on the continuous supply from APUA. If the pumps
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were shut down by an EEW system, there would be less damage than if they were

operating during an earthquake.

2.2 Barbados

Three critical facilities were also identified in Barbados: Grantley Adams International

Airport Inc, Queen Elizabeth Hospital and Light & Power Plant Spring Garden. The main

concern expressed at Grantley Adams International Airport was air traffic control. The

scenario considered was the possibility of damage to the runway from a major earthquake.

In that case, it may be desirable to abort the landing of in-coming flights and the take-off of

those already taxing. Queen Elizabeth Hospital is the sole critical healthcare facility in

Barbados. It was considered that, in case of an earthquake, a warning of a few seconds for

the most severe seismic waves would promote safer operations of the hospital. The EEW

device may be employed for the automatic shutdown of particularly vulnerable equipment.

Such equipment would include the oxygen supply, incinerator, boiler and natural gas

supply. The Light & Power Plant at Spring Garden provides the base load of electricity

generation for the entire island. It was considered that, in case of an earthquake, a warning

of a few seconds for the most severe seismic waves would be scarcely useful for the

operation of the plant. The personnel at the Power Company believed that their facility

would not benefit much from an EEW system.

2.3 Trinidad

The remaining five critical facilities were selected in Trinidad: Telecommunications

Services of Trinidad and Tobago (TSTT), Water and Sewerage Authority (WASA), The

National Gas Company (NGC) of Trinidad and Tobago Ltd, Point Lisas Industrial Port

Development Corporation (PLIPDECO) and Petrotrin. TSTT is the oldest telephone

company in Trinidad and Tobago. Communications would be essential in the aftermath

of a large earthquake. While the idea of an EEW was considered potentially useful, it

was difficult to identify specific modules that could be shut down with very short

warning time. WASA manages the water and sewerage systems in Trinidad and Tobago.

An EEW capability was considered very useful in shutting down systems with hazardous

chemicals. NGC is a diversified state-owned company operating in the mainstream of

Trinidad and Tobago’s natural gas-based energy sector. The short time scales did not

fully allow for the shut down of offshore platforms and critical valve station facilities.

However it was considered that some warning was better than none. PLIPDECO is a port

facility second only to the port of Port of Spain. The facility covers an area of 19.51

hectares. Here the EEW system would scarcely be useful. The main risk item would be

the cargo cranes, which require a shut down time of 30 min. The Port Authority of

Trinidad and Tobago (PATT) had a similar assessment. Petrotrin is an oil company

located in the industrialised south Trinidad. Owned by the Government of Trinidad and

Tobago there is a large risk exposure from earthquakes. An EEW system with short time

scale would not allow full shut down of systems, however, the shut down process could

at least get a head start. In general, the respondents in Trinidad and Tobago were very

interested in EEW systems, but concluded that the time scales would only be useful for

automatic actions.
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3 Ground shaking scenarios

Broadband synthetic seismograms (0.1–25 Hz) were produced from 12 earthquake sce-

narios, using the broadband ground motion simulation method described in Crempien and

Archuleta (2015), which uses an extended kinematic model of the seismic source with

correlated random source parameters based on dynamic rupture models (Schmedes et al.

2013). A bilateral rupture nucleating in the middle of the fault was considered for all

earthquake scenarios. To take into account the variability associated with the earthquake

rupture, 10 different realizations of slip, rise time, peak time, and rupture velocity were

considered for each scenario. The velocity models adopted were the average models

defined by González et al. (2012) and the velocity model custom calibrated for Trinidad,

Tobago and north-eastern Venezuela. Since the source function and the Green’s functions

are computed using a 1D approximation, it was decided to use the velocity model of the

epicentre to characterize the source and consider the velocity model of the site as repre-

sentative of the entire source-site path. The synthetic seismograms were produced both at

the sensitive infrastructures and at the stations of the Eastern Caribbean seismic network.

The Eastern Caribbean seismic network is formed by the TRN Network, which is managed

by the Seismic Research Centre of The West Indies and comprises over 50 seismic stations

strategically positioned on islands throughout the Eastern Caribbean, the network managed

by the Institut de Physique du Globe de Paris (IPGP) in the French Antilles (Martinique

and Guadeloupe), the network managed by the Fundación Venezolana de Investigaciones

Sismológicas (FUNVISIS) in north-eastern Eastern Venezuela, the network managed by

the Montserrat Volcano Observatory (MVO) in the island of Montserrat and the network

managed by the Koninklijk Nederlands Meteorologisch Instituut (KNMI) in the Nether-

lands Antilles (Saba, St. Eustatius and St. Maarten). The maximum epicentral distance at

which synthetic seismograms were produced was selected as a function of the rupture

length, to maximise computer resources. Specifically, a maximum epicentral distance of

150 km was chosen for the earthquake scenarios with a rupture length\100 km, while a

distance of 250 km was adopted for larger rupture lengths. The peak ground values found

were compared with the two Ground Motion Prediction Equation (GMPE) of Zhao et al.

(2006) and Kanno et al. (2006) to identify the GMPE that better matches the ground

shaking in the Eastern Caribbean.

3.1 Earthquake scenarios

The earthquake scenarios for the three islands chosen were defined after a thorough

analysis of the seismotectonic of the Eastern Caribbean, which is highly complex. As a

result, multiple sources contribute to the hazard at a site.

Antigua lies along the eastern boundary of the Caribbean Plate, which is the Lesser

Antilles subduction zone. The subduction (from east to west) of the Atlantic Ocean

lithosphere under the Caribbean Plate generates both interface and intraplate earthquakes

within the subducted North American Plate and a chain of active volcanoes along the

island arc, from Grenada to Saba. Antigua belongs to the outer limestone Caribbees, which

no longer manifest volcanism. The volcanic island arc lies about 300 km from the Eastern

Caribbean trench, where the North American Plate begins to subduct beneath the Car-

ibbean Plate with an average westward dipping angle of 50 degrees (Bengoubou-Valerius

et al. 2008), generating large earthquakes of magnitude[8 (Salazar et al. 2013) down to

about 200 km depth. Shallow focus earthquakes (depth B50 km) along the inclined
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interface seismic zone yields thrust focal mechanisms, while focal mechanisms of deeper

intra-plate events ([50 km) indicate that there is normal faulting resulting from initial

flexure of the down going Atlantic Slab. This area is known to have suffered several

catastrophic earthquakes including the 8th February 1843 (Mw * 8.5 from Feuillet et al.

2011) megathrust event. The disaggregation of the probabilistic seismic hazard estimated

in Bozzoni et al. (2011) was computed for the PGA and the 475-year return period. It

suggests that hazard in Antigua is dominated by three different events. The first mode of

the magnitude-distance distribution corresponds to an earthquake with Mw 7.25 and

hypocentral distance 89 km, which can be associated with the intraplate seismogenic zone

SZ4 (Bozzoni et al. 2011), while the other two modes, of comparable amplitudes, can be

related to the shallow seismicity of the interface seismogenic zone SZ2 (Bozzoni et al.

2011). They are both located at an hypocentral distance of 31 km and have Mw 4.55 and

Mw 6.25, respectively.

Barbados lies above the inclined interface subduction zone between the downward

moving American Plate and the overriding Caribbean Plate. It differs geologically from

other islands in the Eastern Caribbean since it does not have a magmatic origin, but

represents the only sub-aerial section of the Barbados accretionary prism. The prism is the

result of the off-scraping of sediment from the face of the downward moving North

American plate and its accumulation along the hanging wall of the subduction zone. The

maximum magnitude associated with the interface subduction zone is still debated. In fact,

the maximum magnitude observed in the earthquake catalogue for the southern Lesser

Antilles subduction zone is considered to be Mw 7 in Bozzoni et al. (2011, SZ3), but MS

7.8 in Grases (1990). However, Gutscher and Westbrook (2009) suggested that a) the

paucity of earthquakes observed in slow subduction zones is likely to be due to the long

recurrence intervals between great events and b) slow subduction zones are capable of

generating mega-thrust earthquakes (M[ 8.2). For the disaggregation of the probabilistic

seismic hazard, reference was made to the most updated disaggregation results of Salazar

et al. (2013), which performed a probabilistic seismic hazard analysis focused on Barbados

to include the possible occurrence of large, subduction, interface earthquakes of magnitude

8.0–9.0 that were not considered in Bozzoni et al. (2011). Results for the PGA and the

475-year return period indicate that hazard in Antigua is dominated by two different

events: an interface earthquake with Mw 7.4 at a rupture distance of 42.5 km in the

interface subduction zone SZ3 (Salazar et al. 2013) and an intraplate earthquake with Mw

8.0 at a rupture distance of 107.5 km in the subduction zone SZ5 (Salazar et al. 2013)

Trinidad is located on the south-east corner of the Caribbean plate, which is a broad

zone of deformation characterized by a number of fault-bounded blocks engaged in a

complex pattern of relative motion, with significant compression along the northern South

American continental margin (Pindell et al. 2005; Pindell and Kennan 2009). Major strike-

slip faults have been mapped in Trinidad, namely, the Northern-Range, Central Range,

Darien Ridge, El-Pilar Fault, Arima Fault and Los Bajos Fault. Weber (2009) employed far

and near field geodesy and palaeoseismology to search fossil earthquakes on the Central

Range Fault, the principal active dextral strike-slip in Trinidad. He concluded that the

Central Range fault was locked and stored and released significant elastic motion in the

recent past, and that it could be locked today and might constitute a major seismic threat in

Trinidad. He also suggested a slip rate of 12 mm/year and that several meters of motion

may be stored in the fault. The maximum magnitude observed in the catalogue for the

Trinidad faults is 6.6, however, a possible magnitude 7.7 is suggested by geodetic and

paleoseismological investigations (Weber 2009). A dense area of seismicity, called Paria

cluster, is also recognized NW of Trinidad (Russo et al. 1993). It includes shallow and
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intermediate events lying in a broad ENE-trending linear zone extending from the Gulf of

Paria. These earthquakes deepen from the SE, in the Gulf of Paria, to the NW, where the

deepest events attain depths of 200 km. The deeper (70–200 km) hypocentres define a

steeply NW-dipping (60�) slab, which can be a subducting detached oceanic lithosphere

and it represents one of the most active seismogenic sources in the Eastern Caribbean

(Russo et al. 1993). The focal mechanisms suggest that normal faulting is occurring at the

initial flexure of the down-going slab. However, mixed-motion earthquakes, with thrust

and strike slip, support the interpretation that there is bending of the subducting slab at

greater depths. The disaggregation of the probabilistic seismic hazard estimated in Bozzoni

et al. (2011) was computed for the PGA and the 475-year return period for three repre-

sentative sites closest to the five selected facilities. The three sites turn out to be charac-

terized by two dominant modes: one is shallow with Mw 6.35 and hypocentral distance

equal to 34 km and it is related to the crustal seismogenic zone SZ12, which includes the

faults mapped in Trinidad (Bozzoni et al. 2011), the other is deep, with Mw 7.15 and

hypocentral distances ranging from 109 to 129 km depending on the distance from the

intraplate seismogenic zone SZ11 (Bozzoni et al. 2011).

Based on the considerations above, two sets of earthquake scenarios were modelled for

each investigated island: two Maximum Credible Earthquakes (MCEs) and two earth-

quakes associated with the two dominant modes of the magnitude-distance joint distri-

bution computed through the disaggregation analysis for PGA and the 475-year return

period. For Antigua and Barbados, each set includes one interface and one intraplate

earthquake, while for Trinidad a MCE for the Central Range Fault and a MCE for the

intraplate seismicity associated with the Paria cluster were modelled.

In order to compute the fault dimensions from the selected magnitude, the empirical

relationships by Blaser et al. (2010) and Strasser et al. (2010) specifically developed for

subduction zones, were adopted. For a Mw 8.5 the orthogonal regression of Blaser et al.

(2010) led to a rupture zone of 300 km length 9 110 km width, consistent with that

assumed by Feuillet et al. (2011) for the 8th February 1843 event; therefore, the rela-

tionships by Blaser et al. (2010) were used in this study to compute the fault dimensions of

the interface scenario earthquakes. Instead, for the intraplate scenario earthquakes it was

decided to use the empirical relationships by Strasser et al. (2010) specifically developed

for intraplate events. For crustal events, the relationships by Wells and Coppersmith (1994)

were considered. They led to a rupture length for the MCE for the Central Range Fault

consistent with that assumed by Prentice et al. (2010): 50 km length onshore (Crosby et al.

2009) and at least 60 km offshore east of Manzanilla Bay (Soto et al. 2007).

The modelled scenarios are shown in Fig. 1, while their source parameters are described

in Table 1.

3.2 Velocity structural models

The work by González et al. (2012) was used as reference for the definition of the velocity

structural models selected for this study. It presents sets of S-wave velocity structural

models of the Caribbean with a resolution of 2� 9 2�, determined from the inversion of

Rayleigh wave group velocity dispersion and defined down to a depth of 300 km. For each

2� 9 2� cell a range of variability for the thickness (h) and shear-wave velocity (Vs) of

each layer is given. In the present analytical work, the velocity models associated with the

average values assigned to the cells covering the Eastern Caribbean were taken into

account. They are shown in Fig. 2a. The P-wave velocity (VP) was computed from Vs
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assuming a ratio of H3, the density was estimated from the the Nafe-Drake curve (Ludwig

et al. 1970) and quality factors were determined based on Olsen et al. (2003).

An ad-hoc calibration was performed for Trinidad and Tobago and north-eastern

Venezuela, based on a systematic comparison between recorded and synthetic time his-

tories. Recorded time histories were retrieved from the strong motion database for the

Eastern Caribbean Islands (Salazar 2012), while the synthetic time histories were produced

according with the modal summation technique using the suite of programs ‘‘Computer

Programs in Seismology—Version 3.30’’ developed by Herrmann (2003). Seven sets of

time series recorded at the TBH station (10.49580N, 61.06790W), which is located on
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Fig. 1 Earthquake scenarios (epicentres—stars, surface projection of fault planes—empty rectangles, focal
mechanisms—beach balls; the magnitude and focal depth of each earthquake are shown above each beach
ball). The black triangles denote the seismic stations, while the red circles indicate the selected critical
facilities: A Telecommunications Services of Trinidad and Tobago (TSTT) Head Office, B Water and
Sewerage Authority (WASA) Central Office, C National Gas Company (NGC), D Port of Point Lisas
Industrial Port Development Corporation (PLIPDECO), E Petrotrin Head Office, F Light & Power Plant
Spring Garden, G Queen Elizabeth Hospital, H Grantley Adams International Airport Main Terminal,
I Mount St. John’s Medical Centre, L V.C. Bird International Airport, M The Antigua Public Utilities
Authority (APUA)
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rock, were used. The main characteristics of the recorded events are listed in Table 2,

while Fig. 3 shows the location of the TBH station and of the epicentres of the earthquakes

used in the analysis.

An initial model was defined based on the work of González et al. (2012), using the

average values assigned to the cell W-62N10. For greater depths (down to about 1000 km),

Table 1 Source parameters for the considered earthquake scenarios (F interface, P intraplate, C crustal)

Island Scenario Reference
SZ

Mw Strike
(�)

Dip
(�)

Rake
(�)

Focal
depth
(km)

Length 9 width
(km)

Antigua MCE (F) – 8.51 1456 249 9012 3214 300 9 11018

MCE (P) SZ4B 8.52 1456 509 27013 141 267 9 9319

475 years (F) SZ2B 6.253 1456 249 9012 3015 15 9 1018

475 years (P) SZ4B 7.253 1456 509 27013 8615 53 9 3319

Barbados MCE (F) – 8.54 1756 114 9012 20 300 9 11018

MCE (P) SZ5B 8.32 1756 509 27013 110 206 9 7919

475 years (F) SZ3S 7.43 1756 10.510 9012 4016 70 9 3518

475 years (P) SZ5S 8.03 1756 509 27013 9815 140 9 6119

Trinidad MCE (C) – 7.75 687 9011 18011 1117 124 9 2120

MCE (P) SZ11B 8.32 508 608 908 104 206 9 7919

475 years (C) SZ12B 6.353 687 9011 18011 32.515 20 9 920

475 years (P) SZ11B 7.153 508 608 908 99.515 46 9 3019

B Bozzoni et al. (2011), S Salazar et al. (2013), 1 from Feuillet et al. (2011) in order to model a 8th February
1843-like event, 2 maximum magnitude of the associated SZ, 3 from the disaggregation analysis, 4 from
Gutscher and Westbrook (2009), 5 from Weber (2009), 6 azimuth of the trench, 7 from Weber et al. (2001),
8 from Russo et al. (1993), 9 from Bengoubou-Valerius et al. (2008), 10 from Salazar et al. (2013),
11 assumption of pure right lateral—strike slip focal mechanism, 12 assumption of pure reverse focal
mechanism, 13 assumption of pure normal focal mechanism, 14 computed based on the epicentre proposed
by Feuillard (1985) (Lon: 61.17W, Lat: 16.73N) and a 10-km-depth updip limit, 15 mean depth of the
associated SZ, 16 estimated by modelling SZ3 as an inclined plane, dipping to the west at an angle of 10.5�,
with the trench located at 57.529W and a maximum depth of 50 km at 60W, according with Salazar et al.
(2013),17 computed with a 0.5-km-depth updip limit according with Prentice et al. (2010), which suggested
that surface rupture occurred on the Central Range Fault in the late Holocene, most recently between 2710
and 550 years B.P.,18 from Blaser et al. (2010), 19 from Strasser et al. (2010), 20 from Wells and Cop-
persmith (1994)

Table 2 Main characteristics of the events recorded at TBH station

No. Date Time Epicentral
coordinates

Depth
(km)

MW Strike
(�)

Dip
(�)

Rake
(�)

Epicentral
distance
(km)

1 2000/10/04 14:37:45 11.15N 62.48W 110.4 6.1 277 42 141 170.2

2 2003/06/21 05:55:57 10.79N 59.27W 10.0 5.3 253 76 12 198.8

3 2004/12/02 19:16:32 10.49N 61.45W 48.2 5.8 89 13 -21 41.7

4 2004/12/03 03:46:44 10.54N 61.46W 40.5 5.4 228 40 -90 43.1

5 2005/10/24 09:19:16 11.10N 62.39W 137.7 5.1 279 46 159 159.0

6 2005/10/28 22:30:58 11.11N 62.04W 80.9 5.5 4 9 -154 126.0

7 2006/09/29 18:23:06 10.79N 61.75W 52.8 5.5 11 57 -178 81.3
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the global 1D model AK135 (Kennett et al. 1995) as prepared for use in Computer

Programs in Seismology (http://www.eas.slu.edu/eqc/eqc_cps/TUTORIAL/SPHERICITY/)

was used. The overall model was implemented by merging the two models mentioned and

appropriately modifying the Vs of the boundary layer of the model AK135 in order to

avoid the generation of an artificial low-velocity layer. To identify the structural model

giving the best fit to all the recordings used, different velocity models were tested. They

were created from the one previously defined and randomly varying h and Vs of each of the

uppermost layers (down to 310 km). Three sets of 99 velocity models were generated by

varying h and Vs of a random number independently chosen within the interval [-10 %,

?10 %] with respect to the value (h or Vs) assumed in the previous cycle. For each set, 99

cycles were considered, for a total of 298 velocity models. They are shown in Fig. 2b.

Possible errors in the estimation of source parameters were catered for by using 243
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Fig. 2 (Left) Vs versus depth models down to 310 km defined by González et al. (2012) for the Eastern
Caribbean region (average models, green lines); the velocity model for Trinidad and Tobago and North-
Eastern Venezuela is highlighted in red; (right) Vs versus depth models (black lines) down to 310 km
derived through random perturbations of the thickness and S-wave velocity of the initial velocity model for
Trinidad and Tobago and North-Eastern Venezuela (red line); the ‘‘best’’ velocity model is highlighted in
blue
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Fig. 3 Location of the TBH station (black triangle) and of the seven earthquakes used for the calibration of
the velocity model for Trinidad and Tobago and North-Eastern Venezuela (yellow stars)
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combinations of source parameters for each set of recordings. They were obtained by

varying the magnitude (±0.1), the focal mechanism (strike ± 108, dip ± 108, rake ± 108)
and the focal depth (±20 %). Both synthetic and recorded time series were bandpass

filtered using a 10th-order Butterworth filter with a low cutoff frequency chosen inde-

pendently for each recording, according to the frequency adopted in the correction of the

signals (Salazar 2012). The high cutoff frequency was fixed at 1 Hz.

The misfit between observed and synthetic time histories was estimated using the

goodness-of-fit (GOF) test developed by Olsen and Mayhew (2010). Among the different

metrics commonly used to describe ground-motion time series, the Fourier spectrum

(smoothed to reduce variance) was chosen herein. The GOF value was determined within

the frequency range used for filtering the signals. The ‘‘best model’’ was considered to be

the one giving the highest average GOF, where the average was determined using the seven

events considered (for each event the GOF was determined as the average of the GOFs

associated with the 3 components of motion—NS, EW and vertical). The ‘‘best’’ fitting

model, associated with an average GOF value of 56.6 (‘fair fit’ according with the GOF

classification by Olsen and Mayhew 2010), is shown in Fig. 2b. The comparison between

recorded and synthetic velocity time series produced with the ‘‘best’’ model is shown in

Fig. 4. As enhanced by the GOF values listed in Table 3, the simulation matches the

recorded data satisfactorily. In fact, at least one ground motion component has a

GOF * 60.0 or above (i.e. close to the threshold of a ‘very good fit’, GOF = 65).

The spatial variability of the adopted velocity models was quantified through the shear-

wave velocity coefficient of variation as a function of depth, which exhibits large values

(19–36 %) in the upper 5 km and values less than 6 % for depths greater than 25 km.

4 Damage threshold values

A comprehensive review of the state-of-the-art was undertaken to determine reliable

threshold values of ground motion intensity measures for the EEW alerts. A number of

studies dealing with the definition of allowable acceleration values exist (e.g. Chong and

Soong 2000; Goodwin et al. 2004; Chaudhuri and Hutchinson 2006; Retamales et al. 2008;

Konstantinidis and Makris 2009), although the outcomes of such studies, which were

derived primarily from post-earthquake survey and shake-table tests, may appear contro-

versial. Additionally, the application of the existing alert thresholds is generally limited to

single mechanical, electrical and medical units. Systemic approaches are needed, as it is

essential to convolute the vulnerability of the components of the system under consider-

ation for a reliable estimation of the threshold alert values.

The response parameters were given for three limit states that characterize the seismic

behavior of the sample structures and infrastructures: slight, moderate and severe damage.

To determine the threshold limits, the ultimate limit state (ULS) was considered as a

reference. At that stage, there is severe damage, which implies that the structure can still

bear the gravity loads, but is near collapse for horizontal loads. Moderate damage corre-

sponds to nearly half of the response parameters at ULS, while slight damage is about 1/3

of the peak demand parameters at ULS.

For most of the critical facilities identified in Antigua, Barbados and Trinidad, the alert

response was expressed in terms of PGA, at the site, since the vulnerable components

included in the case study facilities are usually acceleration-sensitive. The values of the

PGA estimated for the severe damage limit state were derived from the maximum floor
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acceleration of the buildings and then converted to PGA adopting a 2.5 dynamic ampli-

fication, which is considered realistic for the sample structures. Further refinement is,

however, possible if the geometric and mechanical properties of the buildings are known,

along with the lateral-resisting system, if any.

For the gas pipelines of the National Gas Company of Trinidad and Tobago Ltd, the

alert response parameter was expressed in terms of PGV. PGV was found critical in

comprehensive studies dealing with the seismic risk of pipelines transporting and
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Fig. 4 Comparison between the three-component recorded (a, black lines) and synthetic (b, blue lines)
velocity time histories associated with the seven earthquakes used for the calibration of the velocity model
for Trinidad and Tobago and North-Eastern Venezuela. All the recordings are filtered to 1 Hz. Trace
amplitudes are in cm/s. Left vertical component, middle NS component, right EW component
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distributing natural gas for industrial and civil use (e.g. O’Rourke and Liu 1999; O’Rourke

and Deyoe 2004; Tromans 2004; Lanzano et al. 2013). The damaging effects due to the

passage of seismic waves in the soil are proportional to the PGV; thus the latter parameter

can be reliably utilized to monitor possible damage to gas pipelines when their integrity is

of concern.

The fragility curves adopted for the sample critical infrastructures are summarized in

Table 4, along with the threshold values. The threshold values for the critical structures,

namely the hospitals, the airport control towers and the headquarter buildings, depend on

numerous factors, e.g. material of construction, structural system and building use and

occupancy. The curves proposed by Pitilakis et al. (2014) were used as references as they

are considered sound and rely on extensive numerical simulations. However, such fragility

curves do not exist for the various critical structures considered herein. Thus, the curves

proposed for hospitals were assumed realistic as representative of the response of the

airports (control towers were assumed as critical for the Grantley Adams International

Airport Main Terminal in Barbados and the V.C. Bird International Airport in Antigua and

Barbuda) and the response of the headquarter buildings (e.g. Antigua Public Utilities

Authority, Telecommunications Services of Trinidad and Tobago, Water and Sewerage

Authority Central Office and Petrotrin Head Office). The formulation by Lanzano et al.

(2013) was used for the response of the pipelines of the NGC in Trinidad and Tobago. For

the case of the Light & Power Plant in Barbados, the reference values provided by Porter

and Kiremidjian (2001) were utilized. The approach considered the stress on the whole

Table 3 GOF values for each
waveform obtained with the
‘‘best’’ model

The GOF classification proposed
by Olsen and Mayhew (2010) is:
0–35 bad fit, 35–45 poor fit,
45–65 fair fit, 65–80 very good
fit, 80–100 excellent fit

Event Average
GOF

Ground motion component

Z NS EW

1 54.7 51.4 48.3 64.4

2 50.2 61.6 45.5 43.4

3 66.6 56.0 69.8 74.1

4 49.4 43.9 43.5 60.9

5 61.0 63.6 61.0 58.4

6 58.7 58.5 57.9 59.8

7 55.7 57.0 45.9 64.4

Table 4 Fragility functions and threshold levels used for the selected critical facilities

Island Critical facility Fragility curves Threshold level (PGA or PGV)

Slight Moderate Severe

Antigua Hospital/Airport Pitilakis et al. (2014) 0.27 g 0.4 g 0.8 g

APUA Pitilakis et al. (2014) 0.17 g 0.25 g 0.5 g

Barbados Hospital/Airport Pitilakis et al. (2014) 0.27 g 0.4 g 0.8 g

Light & Power Plant Porter and Kiremidjian (2001) 0.2 g 0.3 g 0.6 g

Trinidad TSTT/WASA/Petrotrin Pitilakis et al. (2014) 0.27 g 0.4 g 0.8 g

PLIPDECO Pitilakis et al. (2014) 0.2 g 0.3 g 0.6 g

NGC Lanzano et al. (2013) 45 cm/s 90 cm/s 120 cm/s

Threshold levels refer to a C/D site classification according to the NEHRP (BSSC 2003)
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facility as a convolution of the fragility of the single most vulnerable components. As such,

the response of switch gears and transformers was of primary importance.

5 Expected damage and theoretical lead-times

The utility of an EEW system was defined in terms of expected damage and theoretical

lead-time.

The expected damage was assessed for each couple facility-earthquake scenario, based

on the maximum horizontal component of the peak ground motion parameter (either PGA

or PGV) determined at each critical facility, averaged between the 10 different source

realizations associated with each earthquake scenario. To promote conservatism, the

average PGA/PGV value increased by one standard deviation was also adopted. In an

attempt to compensate for limitations in available geotechnical information for the selected

sites, the peak values found for hard rock were converted into peak values on a NEHRP

(BSSC 2003) site class D using specific site coefficients. They were defined as the ratio

between the site coefficients for soil class D (VS30 = 250 m/s) and hard rock

(VS30 = 1100 m/s) (Kanno et al. 2006).

The theoretical lead-time (i.e. the available time to implement safety measures before

the arrival of the potentially damaging seismic waves at the sites of interest) was estimated

for the selected critical facilities simulating both a regional and an on-site EEW config-

uration. The regional lead-times were computed considering 6 stations to be triggered in

order to have a reliable estimate of magnitude, hypocentre and origin time of the earth-

quake, according with the minimum detections required by VS(SC3). However, the 6

triggering stations requirement is only a legacy of SeisComP3’s standard location algo-

rithm that will be overcome in future (Behr, personal communication). In fact, there exist

several algorithms that can estimate magnitude and epicentral location starting from the

first one or two P-wave recordings (e.g. Cua 2005; Satriano et al. 2008; Meier et al. 2015).

Although none of the existing algorithms may currently work in real-time in the Eastern

Caribbean, regional lead-times were computed considering also a 2-station trigger, in order

to give an idea of the lead-times that could be obtained in future. Travel times of P- and

S-waves to the seismic stations and the critical facilities were estimated using theoretical

paths from geometrical optics. The suite of programs ‘‘Computer Programs in Seismol-

ogy—Version 3.30’’ developed by Herrmann (2003) and the structural velocity models

adopted for the production of synthetic seismograms were used for this purpose.

For the regional configuration 5 s of technical times were considered. They include 1 s

for sending the results to the processing centre, 3 s for actual data processing and 1 s for

the transmission of the warning message (Allen 2007; Behr et al. 2015). Of course, these

values are strongly dependent on the selected algorithm, technology and on the charac-

teristics of the seismic stations. For the on-site configuration 3 s of technical times (pro-

cessing time) were used (i.e. Kanamori 2005; Wu and Kanamori 2005). The results of such

analyses are summarized in Table 5. A 5-s lead-time can be assumed as the minimum time

interval sufficient for shutting-down essential, automatized processes controlling the

operations in critical structures, such as hospitals, airports and headquarter buildings.

However, longer lead-time, order of magnitude 10–15 s, are deemed necessary to shut-

down essential operations in the facilities that are of interest in the current feasibility study.

Yet, this lead-time may still vary significantly depending on the specific features of the

investigated facility.
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5.1 Antigua

The damage expected for the 475-year return period is near nil in the case of Mount St

John’s Medical Centre and V.C. Bird International Airport, for which the damage

thresholds are higher (see Table 4), and is slight (or even moderate for APUA). Therefore

there would be no utility in an EEW system for the hospital and the airport. However, it

Table 5 Expected damage and theoretical lead-time for each couple critical facility-earthquake scenario
considered (F interface, P intraplate, C crustal)

Island Scenario Expected damage Lead-time
regional
(6-station
trigger) (s)

Lead-time
regional
(2-station
trigger) (s)

Lead-time
on-site (s)

Antigua 475 years (F) Nil (hospital)
Nil/slight (airport)
Slight/moderate (APUA)

NA NA 1–2

475 years (P) Nil (hospital and airport)
Slight (APUA)

5 5 7

MCE (F) Slight/moderate (hospital and
airport)

Moderate/severe (APUA)

9–10 9–11 7–8

MCE (P) Slight/moderate (hospital and
airport)

Moderate (APUA)

15 15 14

Barbados 475 years (F) Severe (hospital, airport, APUA) NA 0–1 2

475 years (P) Slight/moderate (airport)
Moderate (hospital)
Moderate/severe (Light & Power
Plant)

13–16 14–17 12–13

MCE (F) Moderate (hospital and airport)
Moderate/severe (Light & Power
Plant)

NA 7–11 10–12

MCE (P) Slight/moderate (hospital and
airport)

Moderate (Light & Power Plant)

25–29 26–29 17–18

Trinidad 475 years (C) Nil (TSTT and NGC)
Nil/slight (WASA)
Slight (Petrotrin)
Slight/moderate (PLIPDECO)

NA–0 NA–1 1–3

475 years (P) Nil (TSTT, NGC, WASA,
Petrotrin)

Slight (PLIPDECO)

6–9 8–11 9–10

MCE (C) Nil/slight (TSTT)
Moderate (WASA)
Severe (PLIPDECO, Petrotrin,
NGC)

NA–1 4–8 3–4

MCE (P) Slight (NGC)
Slight/moderate (Petrotrin)
Moderate(TSTT, WASA,
PLIPDECO)

10–16 12–18 12–14
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could be possibly useful for APUA. The interface scenario is characterized by close

proximity to the facility considered and, as a result, APUA was found to be located in the

blind zone. The intraplate scenario is also characterized by close (epicentral) distance to

APUA, but its focal depth is greater and therefore a regional lead-time of 5 s is possible.

The on-site lead-time was found to be 7 s, i.e. 2 s larger than the regional lead-time. This

arises from the hypocentre being located offshore and therefore, in the case of a regional

EEW, the seismic waves would have to arrive at stations in Montserrat before the earth-

quake could be located. For the MCEs, the expected damage is slight/moderate for the

hospital and the airport, moderate or even severe for APUA. The theoretical lead-time is

about 9–11 s for the interface scenario and about 15 s for the intraplate scenario; therefore

an EEW system may be useful in these cases. The regional lead-times do not vary sig-

nificantly using 6 or 2 triggering stations. The lead-times for Antigua strongly depend on

the location of the earthquakes and their distance from the island. If the epicentre is located

near Montserrat or Guadeloupe, long lead-times ([10 s) can be possible for a regional

EEW configuration. On the other hand, if the epicentre is located near Antigua or in an

easterly direction far away from Guadeloupe, the lead-times for a regional configuration

are lower and possibly less than those associated with an on-site EEW configuration.

Therefore, it may make more sense to use an on-site algorithm combined with a regional

algorithm. For example, PreSEIS (Pre-SEISmic shaking) is a neural network-based

approach to EEW that takes advantage of both regional and on-site early warning (Böse

et al. 2008; Köhler et al. 2009).

5.2 Barbados

In the case of Barbados, the damage expected for the interface scenario associated with the

475-year return period is severe for all the three facilities; however, the facilities lie within the

blind zone for the regional EEWconfiguration and, therefore, no useful lead-time is possible.

For the intraplate scenario associated with the 475-year return period, the expected damage

ranges from slight/moderate for theGrantleyAdams InternationalAirport tomoderate/severe

for the Light & Power Plant, with relevant lead-times, both for the regional (13–17 s) and the

on-site EEW configuration (12–13 s). The intraplate MCE has a magnitude slightly larger

than that of the intraplate 475-year return period earthquake and it is located farther away

from Barbados; therefore, the associated damage is similar to that expected for the 475-year

return period: slight/moderate for the Queen Elizabeth Hospital and the airport and moderate

for theLight&Power Plant. The greater distance also affects the associated lead-times, which

are found to be very long. Since the epicentre is situated offshore, but between Saint Lucia and

St. Vincent, the estimated lead-times for a regional EEW configuration (25–29 s) are about

10 s longer than those found for an on-site EEW configuration (17–18 s). For the interface

MCE, the expected damage is moderate for the three facilities considered, or possibly severe

for the Light & Power Plant. In this case, the epicentre is located offshore in an easterly

direction far away from all the other islands. Since only four stations (i.e. less than the

minimum number of P-waves detections required by VS algorithm) are operating in Bar-

bados, the facilities lie within the blind zone for the regional EEW configuration with

6-triggering stations. Therefore the on-site EEW configuration currently represents the only

choice, with lead-times of 10–12 s. Instead, considering only 2 triggering stations, the critical

facilities would no longer be localized in the blind zone, but a regional lead-time of 7–11 s

would be possible. Summing up, the PGAs and lead-times found suggest that the installation

of a hybrid EEW system at the sites tested in Barbados would be useful.
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5.3 Trinidad

The damage expected for the crustal scenario associated with the 475-year return period ranges

fromnil (for TSTTand theNGC) to slight/moderate (for PLIPDECO), depending on the distance

from the modelled source. Most of the facilities lie within the blind zone for the regional EEW

configuration; therefore, no useful lead-time is possible in this case. For the intraplate 475-year

return period earthquake, the expected damage is nil for most of the facilities, except for PLIP-

DECO,where it is slight; therefore, the installationof anEEWsystemmaybeunnecessary.When

the crustal MCE is considered, the expected damage ranges from nil/slight (for TSTT) to severe

(for PLIPDECO, Petrotrin and NGC). Even if an EEW system were desirable due to the strong

shaking expected, the facilities are located close to the hypocentre, and thus the associated lead-

times are very low (NA–1 s for the regional EEWwith 6 triggering stations and 3–4 s for the on-

site EEW configuration). However, utilizing only 2 triggering stations, the regional lead-times

would be higher (6–7 s for the three facilities for which a severe damage is expected). For the

intraplate MCE, the expected damage is largely moderate for most of the facilities (except for

NGC, forwhich it is slight) and the associated lead-times are significant (10–18 s for the regional

EEW, 12–14 s for the on-site EEW). Summing up, a regional EEW is recommended for the

strong intraplate seismicity associated with the Paria cluster. The simulations performed do not

justify, at present, the installationof anEEWsystem(on-site or regionalwith6 triggering stations)

to detect earthquakes generated from the shallow active faults in Trinidad. In future, when a

2-station trigger algorithm will work in real-time, the installation of a regional EEW aimed at

protecting facilities even from strong crustal earthquakes should be assessed in relation to the

small operational lead-times allowed (\8 s).

6 Testing of VS(SC3) with synthetics

The lead-times given in Table 5 were found without taking into account any EEW algo-

rithm able to estimate the magnitude and hypocentral location of an on-going earthquake

on the basis of the seismic waveforms recorded at the stations. However, the lead-times can

vary depending on the performance of the EEW algorithms adopted. In this study, the

regional VS(SC3) system (Behr et al. 2016) was tested by making offline playbacks of the

synthetic waveforms. The damage expected at the sites was estimated using a ground

motion prediction equation chosen by comparison with the synthetic waveforms.

6.1 Performance of VS(SC3)

The Virtual Seismologist (VS) is a regional EEW methodology that uses a Bayesian

approach to predict the likelihood of a given magnitude and source location using

incoming data from an on-going earthquake. Prior information, such as network typology,

Gutenberg-Richter relationship and past seismicity are used in the assessment (Cua and

Heaton 2007). Recently, the VS algorithm was implemented within the SeisComP3 (SC3)

framework, which is a full-feature, automated, real-time earthquake monitoring software

and represents a community standard software for earthquake detection and waveform

processing for regional and global networks across the world. More details about VS(SC3)

may be found in Behr et al. (2013, 2016).

VS(SC3) provides near real-time estimates of earthquake magnitude (MVS) as soon as

SeisComP3 origins are available, without using prior information in the actual version of
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the system. Once a SC3 location estimate is available, the VS magnitude estimates can be

found with 3-s of P-wave information at a single station. The VS magnitude estimates are

then updated every second for a user-defined number of seconds, using additional picks

and waveform parameters as they become available.

VS(SC3) was applied to the ground motion scenarios, with a structural velocity model

that was computed as the mean of the velocity models used to produce the synthetic

seismograms. In case of Barbados, only the intraplate scenarios were analysed, since the

number of seismic stations used for the interface earthquakes (i.e. those located within

250 km from the epicentre) was lower than the minimum number required for the esti-

mation of MVS (i.e. six). An example of VS(SC3) performance is given in Fig. 5. The

figure illustrates the time trend of the difference between the estimated and real magnitude

and hypocentral location, showing that the estimates take a long time to stabilize. This time

is larger for the MCEs and for the magnitude estimates and it strongly depends on the

network geometry and density of the seismic stations.

Table 6 lists the final difference inmagnitude and hypocentre, averaged over the estimates

obtained from the 10 source realizations. In general,MVSunderestimates the realmagnitude,

with an average offset of 0.28. The final hypocentral estimate, however, is close to the real

one. The worst cases are represented by theMCEs defined for Trinidad, for which an average

epicentral difference of about 9–10 km was found, and the intraplate MCE modelled for

Antigua, where the depth was estimated with a mean difference of -9.2 km.
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Fig. 5 VS(SC3) performance for the ground motion scenarios associated with the 10 source realizations for
Antigua, related to the interface MCE: (top) difference between MVS and real magnitude, (middle)
difference between estimated and real depth and (bottom) epicentral difference, updated every second (green
crosses). The cyan crosses indicate that the VS(SC3) estimate is considered unreliable. The blue dots
represent the average values
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6.2 Selection of GMPEs

The peak ground values determined for the 12 earthquake scenarios modelled using the

broadband method by Crempien and Archuleta (2015), were compared with the two

GMPEs of Zhao et al. (2006) and Kanno et al. (2006), which were found to provide

predictions of ground motions and their variability comparable with those observed in the

Lesser Antilles (Douglas and Mohais 2009; Bozzoni et al. 2011). A comparison example is

shown in Fig. 6. The maximum horizontal component was used in order to be consistent

with the ground motion component adopted for the definition of the damage thresholds.

The site class considered is hard rock, which corresponds to a NEHRP (BSSC 2003) site

class A. Except for the interface MCE modelled for Antigua, which focus is located near

the boundary depth of 30 km used to distinguish between shallow and deep events, the

GMPE by Kanno et al. (2006) generally provides a better fit. The GMPE by Kanno et al.

(2006) also has the advantage, with respect to Zhao et al. (2006), of being defined in terms

of Peak Ground Velocity (PGV), which is the alert response parameter adopted for the

National Gas Company of Trinidad and Tobago Ltd pipelines. The comparison in terms of

PGV was investigated for Trinidad and it was found to be satisfactory. Therefore, the

GMPE by Kanno et al. (2006) was used in conjunction with the results obtained from the

application of VS(SC3) algorithm to find the expected damage associated with an on-going

earthquake.

6.3 Lead-time and damage associated with VS(SC3) estimates

The lead-time and damage associated with the estimates provided by VS(SC3) were found

using the procedure described below. Only the six earthquake scenarios, for which the

preliminary analysis (see section Expected damage and theoretical lead-times) supported

the installation of an EEW system and the application of VS(SC3) is possible, were taken

into account. They are:

• intraplate 475-year return period earthquake, interface and intraplate MCEs for

Antigua;

• intraplate 475-year return period earthquake and intraplate MCE for Barbados;

• intraplate MCE for Trinidad.

Table 6 VS(SC3) performance: average final difference in magnitude and hypocenter; the standard
deviation is given in parenthesis (F interface, P intraplate, C crustal)

Island Earthquake scenario MVS-Mreal Depth diff (km) Epicentral diff (km)

Antigua 475 years (F) -0.08 (0.13) -1.63 (3.41) 2.50 (0.88)

475 years (P) -0.47 (0.11) -1.14 (1.08) 3.77 (0.49)

MCE (F) -0.50 (0.22) 1.45 (1.88) 1.33 (0.86)

MCE (P) -0.55 (0.10) -9.20 (1.83) 2.82 (0.91)

Barbados 475 years (P) -0.40 (0.12) 0.76 (0.60) 2.81 (0.53)

MCE (P) -0.25 (0.14) -0.88 (0.51) 3.44 (0.77)

Trinidad 475 years (C) 0.12 (0.09) -2.88 (0.08) 0.78 (0.0)

475 years (P) -0.37 (0.09) -0.80 (2.02) 4.27 (0.22)

MCE (C) -0.20 (0.13) -2.97 (2.55) 10.28 (1.67)

MCE (P) -0.08 (0.12) -0.36 (1.28) 9.20 (0.50)
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For each VS update, the PGA (or PGV for the National Gas Company of Trinidad and

Tobago Ltd) expected at the facilities selected was calculated using the GMPE of Kanno

et al. (2006), the SC3 location and the VS magnitude (MVS). In order to mitigate the
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Fig. 6 Comparison of the
computed PGAs (dots, maximum
horizontal) and the GMPEs by
Kanno et al. (2006) (green lines)
and Zhao et al. (2006) (blue
lines) for: (top) the intraplate
MCE defined for Antigua,
(middle) the interface MCE
defined for Barbados and
(bottom) the crustal MCE defined
for Trinidad. The black dots
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effects due to (a) the long time necessary to stabilize the magnitude estimate and (b) the

general underestimation of the final magnitude, the following measures were taken: the

mean values predicted by Kanno et al. (2006) increased by one standard deviation were

used and MVS was increased by the corresponding offset (0.28). Unreliable VS magnitude

estimates (i.e. likelihood\0.99) were excluded.

Besides the magnitude, another parameter with a strong influence on the estimated

ground motion is the distance metric adopted. The hypocentral distance can be used only

when the earthquakes are regarded as point source, but it is inappropriate for large

earthquakes associated with fault ruptures of tens or hundreds of kilometres in length

(Bommer et al. 2010; Cauzzi et al. 2014), as applies for the modelled earthquakes.

Therefore, an inaccurate estimate of the distance can lead to a severe underestimation of

the expected ground motion. In this study, the rupture distance was used and it was

determined from the conversion relationship between hypocentral distance and rupture

distance proposed by Goda et al. (2010), which was developed starting from a synthetic

earthquake catalogue for Western Canada, simulating the fault geometry following the

Monte Carlo simulation procedure suggested by Scherbaum et al. (2004) and then cal-

culating different distance measures for a site of interest. This conversion relation is

suitable to be used in a real-time automatic-mode since it only requires as input parameters

the hypocentral distance and the magnitude of the event, without any a priori knowledge of

the rupture geometry. To overcome the problem that this conversion relationship can be

used only up to magnitude 7.75 while providing conservative estimates, the rupture dis-

tance, decreased by one standard deviation, was used in the GMPE. At the same time, a

value of 7.75 was adopted for larger magnitudes. The comparison between the rupture

distance computed using the Goda et al. (2010) approach and the real rupture distance is

shown in Fig. 7 for some sample facilities.

For each VS update, the estimated peak ground motion value was translated into

expected damage by comparison with the damage thresholds for the particular facility (see
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Fig. 7 Comparison between the rupture distance computed with Goda et al. (2010) (average—blue crosses,
average ± one standard deviation—blue error bars) and the real rupture distance (red circles) for one
sample critical facility for each of the six earthquake scenarios tested with VS(SC3) (Tri Trinidad, Ant
Antigua, Bar Barbados, F interface, P intraplate, C crustal)
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Table 4). The highest associated damage class was used and the lead-time was found from

the difference between the S-wave arrival time at the facility and the time corresponding to

the VS update (which can be considered as the time of a virtual alert). Two additional

seconds were subtracted in order to take into account the virtual transmission to the

processing centre and the virtual transmission of the warning message (Allen 2007). No

additional transmission delay, which would be observed if the earthquakes were detected in

real-time, was considered.

The procedure was not stopped after an alarm was issued, but was allowed to continue

until the VS update coinciding with the S-wave arrival time at the facility. Thus, it was

allowed to update the expected damage or terminate the alarm (for example in case of a

false alarm determined from the earliest VS estimates).

The results strongly reflect the fact that the initial magnitude estimates are much lower

than the final magnitude. In fact, the early predicted ground motion values are generally

lower than the threshold associated with the slight damage limit state and this causes the

lead-time to be smaller than those in Table 5. For example, for the intraplate 475-year

return period earthquake defined for Antigua no lead-time is possible for any source

realization, while for the intraplate MCE defined for Trinidad the lead-times vary between

1 and 6.5 s (against the theoretical 10–16 s). For other scenarios, the results vary with the

source realization. For example, for the intraplate MCE defined for Antigua, the lead-time

for APUA associated with two particular source realizations is almost 13 s, while for other

source realizations and facilities, it is only 6 s (the theoretical lead-time is about 15 s). For

the intraplate MCE defined for Barbados, the lead-time for the Light & Power Plant

associated with some source realizations is 24 s, close to the theoretical lead-time of

25.7 s. However, due to the fact that the magnitudes estimated by VS do not converge

monotonically to the correct value (especially the earliest VS updates), the degree of

expected damage does not necessarily increase with decreasing lead-time and this may also

terminate the alarm, if the expected damage drops below the threshold of the slight damage

limit state. As a consequence, the 24 s-alerts associated with the intraplate MCE defined

for Barbados last only 3 s and subsequent alerts are generated with a lead-time of 12 s. A

similar trend can also be observed in Fig. 8 for the interface MCE defined for Antigua. In

this case, the first S-waves reach the sensitive facilities after about 24–25 s from the

1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

Scenario version

L
ea

d
−t

im
e 

(s
)

Hospital

1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

Scenario version

L
ea

d
−t

im
e 

(s
)

Airport

1 2 3 4 5 6 7 8 9 10
0

2

4

6

8

10

Scenario version

L
ea

d
−t

im
e 

(s
)

APUA

slight moderate severe
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the color. Each column correspond to a particular source realization, while each box refers to a critical
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beginning of the rupture. The first magnitude estimates are available 12 s after the

beginning of the rupture. Therefore, considering 2 s of technical times, the expected lead-

time would be around 10–11 s, consistent with the lead-time given in Table 5. However,

from Fig. 5 it is evident that the three first magnitude estimates are considered unreliable.

Therefore, the first reliable MVS is available 15 s after the beginning of the rupture,

producing an alarm with a lead-time of 7.0–8.7 s, depending on the considered facility, for

almost all source realizations. The associated expected damage is severe for APUA and

either moderate or severe for the other two facilities, depending on the computed MVS.

Only in one case out of 10 (scenario #2) no alarm is issued due to the low MVS estimate

(MVS = 6.3). However, the duration of the alarm for the remaining 9 scenarios is of just

2 s due to a decrease of magnitude associated with later estimates. Moreover, MVS esti-

mates are considered unreliable for the next 2 s, therefore producing no lead-time.

Afterwards, MVS estimate begins to increase and when the expected PGA exceeds a

damage limit state threshold a new alarm is issued with a lead-time of 2–4 s and a degree

of expected damage which depends on magnitude and increase with decreasing lead-time

(as the magnitude estimate converges to the correct value).

7 Conclusions

This paper presents the results of a feasibility study of an EEW system, which investigated

whether such a system could be successfully applied to selected sensitive facilities in the

Eastern Caribbean.

In this study, eleven EEW target sites were identified in Trinidad, Barbados and

Antigua. The earthquake scenarios for the three islands selected were defined after a

thorough analysis of the seismotectonic setting of the Eastern Caribbean region. Two sets

of earthquake scenarios were tested for each island: the Maximum Credible Earthquakes

(MCEs) and the earthquakes associated with a 475-year return period. Broadband synthetic

seismograms (0.1–25 Hz) were produced from the identified earthquake scenarios, both at

the sensitive facilities and at the seismic stations in the Eastern Caribbean region. Damage

scenarios and shaking alert levels were chosen based on state-of-the-art fragility functions

for the selected sensitive facilities. Such seismic fragilities functions were considered both

for the response of the single components and for the systemic approach. The curves refer

to different limit states and are formulated for various structural systems and building

contents. Three-level fragilities were considered to quantify the occurrence of low, mod-

erate and significant damage.

The feasibility study was performed through a two-step analysis.

In the first step, the expected damage was defined from the PGAs (or PGVs for the gas

pipelines of the National Gas Company of Trinidad and Tobago Ltd) retrieved from the

synthetic seismograms and compared with the theoretical lead-times that could be issued to

the selected critical facilities. The theoretical lead-times were estimated for the selected

critical facilities simulating both a regional and an on-site EEW configuration. Travel times

of P- and S-waves were estimated for the seismic stations and at the critical facilities based

on theoretical travel-times. For Antigua and Barbados, results suggest that focus should be

placed on an on-site algorithm combined with a regional algorithm. In Trinidad, the

simulations performed recommend the installation of a regional EEW system for the strong

intraplate seismicity associated with the Paria cluster and suggest further investigations in

order to assess the utility of a 2-station trigger regional EEW system to protect facilities

from earthquakes generated from the shallow active faults in Trinidad.
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In the second step, offline playbacks of VS(SC3) on the synthetic datasets were made in

order to evaluate the lead-time and damage associated to this regional EEW algorithm in

combination with the GMPE by Kanno et al. (2006), which agrees satisfactorily with the

synthetic data. Results showed that the magnitudes and hypocentres estimated by VS(SC3)

take a long time to stabilize and the initial magnitude estimates of VS(SC3) are much

lower than the final magnitude of the earthquake, which anyway underestimates the real

magnitude with an average offset of 0.28. This can be due to the fact that VS(SC3)’s

magnitude estimation is based on a likelihood function that was derived empirically for

mostly shallow crustal seismicity in California with magnitude B7.3 (Cua 2005; Cua and

Heaton 2007). VS(SC3)’s magnitude estimation relationships assume a depth of 3 km and

therefore it is expected that MVS underestimate magnitudes for deep earthquakes.

Moreover, a point source approximation is used, which is inappropriate for long ruptures

where near-source ground motions are expected even at large distance from the epicenter

(Cua and Heaton 2007). As a consequence, the ground motion values initially predicted are

generally lower than the thresholds associated with the slight damage limit state and this

causes the lead-times to be smaller than those theoretically computed. Moreover, since the

magnitudes estimated by VS do not converge monotonically to the correct value (espe-

cially the earliest VS updates), the degree of expected damage does not necessarily

increase with decreasing lead-time and may also terminate the alarm. Therefore the EEW

algorithm tested is unable to provide any stable alert for the modelled earthquake sce-

narios. To perform better, the Virtual Seismologist likelihood function may need to be re-

calibrated for subduction type earthquakes and complemented by an algorithm capable of

estimating the finite rupture extent for large earthquakes.

It should be emphasized that the results obtained in this study strongly depend on the

network geometry and density of the seismic stations which, in the examined cases, is not

optimal due to the peculiarities of the region’s geography. Indeed, the Eastern Caribbean is

a region largely composed by several small Countries located in the Atlantic Ocean. With

the exception of Trinidad, the biggest island, where several active faults were identified on

land (although the distances to the strategic sites are too short to allow large operational

lead-times), seismicity is dominated by off-shore earthquakes. Thus, independently from

the financial resources, the density of the seismic networks could not be significantly

improved due to the impracticality of installing off-shore seismic stations. Accordingly, the

resources for setting up an efficient EEW system in the Eastern Caribbean should be

focused to develop an on-site EEW system combined with a regional EEW that exploit the

capabilities of the existing seismic networks.
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Behr Y, Clinton J, Kästli P, Cauzzi C, Racine R, Meier M (2015) Anatomy of an earthquake early warning
(EEW) alert: predicting time delays for an end-to-end EEW system. Seismol Res Lett 86:830–840.
doi:10.1785/0220140179
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