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ABSTRACT
A feasibility study of an earthquake early warning (EEW) system was conducted for Antigua &
Barbuda (Eastern Caribbean Region) testing two interface earthquake scenarios corresponding to the
maximum credible earthquake and to the earthquake scenario associated with a return period of 475
years. Broadband synthetic seismograms were produced at three selected sensitive facilities, where
there is possible interest in the installation of an EEW system. The expected damage was retrieved
from the synthetic seismograms and compared with the lead-time determined for a regional EEW,
configured to a first approximation based on the principles of geometrical optics. Next, the Virtual
Seismologist 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 accelerations and lead-times at the critical infrastructures constitute the major
outcome of the study.

INTRODUCTION
The Eastern Caribbean is a region exposed to a medium to high seismic hazard, with a 475-year return
period horizontal Peak Ground Acceleration (PGA) expected on stiff ground that ranges between 0.21
g and 0.38 g (Bozzoni et al., 2011). The hazard is primarily due to large 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 200 km.
This paper focuses on the preliminary results of a feasibility study of an EEW (Earthquake
Early Warning) system by investigating whether such a system could be successfully applied to
selected sensitive facilities located in the Eastern Caribbean. The research was conducted under the
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framework of the REAKT (Strategies and Tools for Real Time EArthquake RisK ReducTion) Project
(2011-2014), an EU FP7 project aimed at improving the efficiency of real time earthquake risk
mitigation methods and its capacity to protect structures, infrastructure and people.
An EEW system uses information extracted from the early arrivals of longitudinal (i.e.
compression or P) waves to estimate the expected ground motion at sites of interest from an on-going
event and send this datum to those sites prior to the arrival of the most damaging ground motion,
represented by the transverse (i.e. shear or S) waves. The transmission of this datum is at a speed
much faster than the S-waves, therefore, for certain source-site configurations, there may be up to tens
of seconds of lead-time between the receipt of the alert and the arrival of the S-waves. The difference
in arrival time between P- and S-waves is proportional to the distance of a given site from the
hypocentre. The farther away a site to be protected is located from the hypocentral region, the longer
will be the warning time. However, the more distant the site is from the hypocentre, the smaller is
going to be the intensity of ground shaking. So, the expected level of ground shaking may be
insignificant in terms of destructiveness 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 allowing more effective warning and greater distance from the hypocentre giving rise to
reduced impact at the sites of interest. The occurrence of large 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, such as hospitals/medical facilities, public utilities (e.g.
electricity, water, telecommunications, sewerage), airports, sea ports and energy production plants
(e.g. coal, bagasse, natural gas, oil, diesel oil, heavy oil, geothermal), makes the region well suited to
assess the feasibility of the EEW.
This paper shows the results associated with interface seismicity for three critical facilities
identified in Antigua & Barbuda: Mount St John’s Medical Centre, V. C. Bird International Airport
and Antigua Public Utilities Authority – Water Plant. Mount St John’s Medical Centre is a hospital
equipped with highly flammable oxygen, which is supplied to the bedsides from a distribution unit
under pressure through ducts traversing the building. If the appropriate sensors and shut-off valves
were installed, the warning time provided by an EEW system may allow the oxygen supply to be shut
off to remove it as a possible agent in a fire. The critical element for V. C. Bird International Airport is
the refuelling unit and storage facility. An EEW system may be used to interrupt the flow of fuel to the
ramp locations using the ramp based switches. However, there are several switches and if they were
activated, the lines to them would remained filled with fuel that might still pose a danger if ruptured.
Therefore, it might be more appropriate to install the shut-off mechanisms on the lines feeding the
ramp from the main storage. In this way the supply to the ramp would be killed 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 at both ends of the
financial spectrum. There are some houses that do not have adequate private rainwater collection and
distribution systems and they are critically dependent on the continuous supply from APUA. If the
pumps were shut down by an EEW system, there would be less damage than if they were operating
during an earthquake.
The feasibility of the EEW system was performed by assessing:
a) the comparison between the theoretical warning times issuable to the selected critical
facilities and the expected damage;
b) the accuracy and robustness of location and magnitude estimated through the software
package SeisComP3 (SC3, http://www.seiscomp3.org), which includes the Virtual Seismologist (VS)
algorithm for near-instantaneous estimates of earthquake magnitude (Cua and Heaton, 2007);
Both the evaluation of the expected damage and the testing of “VS in SC3” algorithm were
achieved by the definition of scenario earthquakes and the computation of the associated synthetic
seismograms.
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DEFINITION OF EARTHQUAKE SCENARIOS

Depth&(km)&

Antigua & Barbuda lies along the eastern boundary of the Caribbean Plate, which is constituted by 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 & Barbuda belong 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 Caribbean 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). Fig.1 shows a vertical cross-section of hypocenters of a profile perpendicular to the arc and
passing through the volcanic island of Montserrat (about 50 km south-west of Antigua). The
seismicity associated with the subducting slab is clearly evident down to 200 km. In addition to the
subduction seismicity, there is a pattern of shallow seismicity (to about 35 km depth) due to crustal
interaction between the Caribbean and North American plates and volcanic activity.

▲ Figure 6. Seismicity cross-sections (magnitude > 2.7 ) for sixDistance&(km)&
profiles perpendicular to the arc, through active volcanic islands (AA” to
FF” shown in figure 4). The sections are 150 km wide. Triangles on the horizontal axis indicate the active volcanic front. Plus signs show
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Figure 2. Proposed interface earthquake scenarios (epicentres – yellow stars, surface projection of fault planes –
empty rectangles, focal mechanisms – beach balls; the magnitude and focal depth of each earthquake are written
above each beach ball). The seismic stations (black triangles) and the selected infrastructures (red circles) are
shown as well

A second interface earthquake scenario corresponding to the magnitude-distance pair associated
with a return period of 475 years was also used. It was obtained from the disaggregation analysis of
the PSHA performed by Bozzoni et al. (2011) for the Eastern Caribbean. The branch of the logic-tree
corresponding to the Cornell(1968)-McGuire(1976) approach was used. The disaggregation graph for
Antigua is displayed in Fig.3, which shows that its hazard is dominated by three different events that
are listed in Table.1. The first mode of the magnitude-distance distribution corresponds to an
earthquake with Mw=7.25 and d=89 km, which can be associated with the intraplate seismogenic zone
(SZ4, mean depth=86 km, Bozzoni et al. 2011). The second mode is characterized by lower magnitude
(Mw=4.55) at shorter distance (d=31 km) and it is related to the shallow seismicity of the interface
seismogenic zone (SZ2, mean depth=29.6 km, Bozzoni et al., 2011). A third mode associated with the
interface seismogenic zone, of amplitudes comparable to the second mode, is also present. This third
mode is characterized by Mw=6.25 and d=31 km. For the feasibility study of the EEW, the scenario
corresponding to the third mode was the one used. It is shown in Fig.2. The same focal mechanism of
the 1843-like scenario was assumed.
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Figure 3. Disaggregation graph for Antigua for the 475-year return period. The disaggregation was performed
with respect to the PGA
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Table 1. Results of the disaggregation analysis in terms of Mw and hypocentral distance
Return
period
(years)

Structural
period (s)

M w1

d1(km)

M w2

d2(km)

M w3

d3(km)

475

0.0

7.25

89

4.55

31

6.25

31

SYNTHETIC SEISMOGRAMS
Broadband synthetic seismograms (0-10 Hz) were produced from the two earthquake scenarios
described using the broadband ground motion simulation method developed at the University of
California – Santa Barbara (UCSB), which uses an extended kinematic model of the seismic source,
with correlated random source parameters based on dynamic rupture models (Schmedes et al., 2013).
The synthetic seismograms were produced for both the sensitive facilities and the stations of the
seismic networks (retrieved from the International Registry of Seismograph Stations, www.isc.ac.uk).
The maximum epicentral distance at which the synthetic seismograms were produced was chosen to
be a function of the rupture length in order to reduce processing time: a maximum epicentral distance
of 150 km was used for the scenario associated with the 475-year return period, while the distance of
250 km was adopted for the MCE.
A bilateral rupture nucleating in the middle of the fault was considered in both cases. To
account for the variability associated with the slip rate function, 10 different versions of the slip rate
function distribution on the fault plane were considered for each scenario. In fact, the functional form
of the slip rate is parameterized by four source parameters, which are represented as random correlated
parameters defined for each subsource in which the fault plane is sub-divided. They are the final slip,
the local rupture velocity, the rise time and the peak time, which is a measure of the impulsive part of
the slip rate function.
The velocity models were defined according to the work of González et al. (2012), which
presents sets of S-wave velocity structural models of the Caribbean down to 310 km depth with a
resolution of 2˚x2˚. For each 2˚x2˚ cell a range of variability for the thickness and shear-wave velocity
of each layer is given. In this study, the velocity models associated with the average values assigned to
each cell covering the sites of interest (both stations and sensitive facilities) were considered. The
characterization of the source (i.e. determination of the slip rate function) was performed considering
the velocity model of the cell to which the epicentre belongs, while the Green’s functions were
computed using the velocity model of the cell of the site.
The PGAs were compared with Zhao et al. (2006)’s Ground Motion Prediction Equation
(GMPE) in order to evaluate its capacity to predict the ground shaking in the Eastern Caribbean. The
site class considered is hard rock, which corresponds to a NEHRP (BSSC, 2003) site class A. The
comparison, which proved satisfactory, is shown in Fig.4. Therefore, this GMPE was used in
conjunction with the results obtained from the application of “VS in SC3” algorithm to determine the
expected PGA associated with an on-going earthquake.
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Figure 4. Comparison between the computed PGAs (geometric mean of the two horizontal components, dots)
and the GMPE by Zhao et al. (2006) (lines) for a) the MCE and b) the 475-year return period earthquake. The
black dots correspond to the PGAs computed at the seismic stations, while the red dots refer to the PGAs at the
sensitive facilities. The solid line represent the mean values predicted by Zhao et al. (2006) GMPE, while the
dashed lines represent the mean values ± one standard deviation. The distance is the minimum distance from the
rupture area

ESTIMATION OF EXPECTED DAMAGE AND THEORETICAL LEAD-TIME
The utility of an EEW system was defined in terms of expected damage and theoretical leadtime. A comprehensive review of the state-of-art was undertaken to determine reliable threshold
values for the EEW alerts. A number of studies dealing with the definition of allowable acceleration
values exist (Chong and Soong, 2000; Goodwin et al., 2004; Chauhuri and Hutchinson, 2006;
Retamales et al., 2008; Konstantinidis and Makris, 2009; among others), although the outcomes of
such studies, which were derived primarily from post-earthquake survey and shake-table tests, may
appear controversial. 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 consideration for a reliable
estimation of the threshold alert values. For the critical facilities identified in Antigua, e.g. the
hospital, the airport and the water supply unit, the alert response was expressed in terms of PGA at the
site. In fact, the vulnerable components included in the case study facilities are usually accelerationsensitive units. The adopted PGA threshold values and the relevant site classification, according to the
NEHRP (BSSC, 2003), are listed in Table.2. The values of the PGAs refer to three typical damage
states that may be experienced at the selected facilities: slight, moderate and complete damage. The
values of the PGA estimated for the complete damage limit state were derived from the maximum
floor acceleration of the buildings and then converted to PGA adopting a 2.5 dynamic amplification,
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. The threshold levels associated with the complete damage were scaled down using
factors equal to 2 and 3, to obtain the moderate damage and the slight damage threshold levels,
respectively. Further studies are required to improve understanding of the alert threshold values for the
response parameters of critical facilities.
Table 2. PGA threshold levels and NEHRP site classes for the selected sensitive facilities
Facility

Site class (NEHRP)

Hospital/Airport
APUA

PGA threshold level (g)
Slight

Moderate

Complete

C/D

0.27

0.4

0.8

C/D

0.17

0.25

0.5
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The expected damage was assessed for each couple facility-earthquake scenario, based on the
maximum horizontal PGA determined at each critical facility, averaged between the 10 different
versions associated with each earthquake scenario. In order to consider a more conservative damage,
the value corresponding to the average PGA plus one standard deviation was also adopted. Limitations
in geotechnical information for the selected sites led to the PGAs found for hard rock being converted
into PGAs on a NEHRP (BSSC, 2003) site class D (see Table.2) following the site class coefficients
defined by Zhao 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 a regional EEW configuration with 4 triggered stations to allow a reliable
estimate of magnitude, hypocentre and origin time of the earthquake. Travel times of P- and S- waves
were computed at the seismic stations and at the critical facilities along the paths given by geometrical
optics. The suite of programs “Computer Programs in Seismology – Version 3.30” developed by
Herrmann (2003) and the structural velocity models adopted for the production of synthetic
seismograms were used for this purpose. The lead-time at the infrastructure i, corresponding to the
scenario k (LTik) was derived according to Eq.1:

(1)

i
4
LTki = Tk,S
− Tk,P
− Δt

where Tik,S is the S-wave arrival time at the infrastructure i for the earthquake scenario k, T4k,P is
the time at which the P-wave data for the earthquake scenario k are available at the 4 stations closest to
the epicentre and Δt represents the technical times. We considered Δt=5 seconds, including a 3 s
processing delay, 1 s for transmission to the processing centre and 1 s for the transmission of the
warning message. Of course, these values are strongly dependent on the selected algorithm,
technology and on the characteristics of the seismic stations.
The results of the analysis are summarized in Table.3.
Table 3. PGAs, expected damage and theoretical lead-time for each couple facility-earthquake scenario
Facility

Earthquake scenario

Average
PGA (g)

Average
PGA+σ (g)

Expected damage

Lead-time
(s)

Hospital

475-year return period

0.17

0.20

null

NA

Hospital

MCE

0.43

0.70

moderate

10.8

Airport

475-year return period

0.19

0.25

null

NA

Airport

MCE

0.43

0.64

moderate

10.2

APUA

475-year return period

0.17

0.21

slight

NA

APUA

MCE

0.45

0.71

moderate-complete

9.1

The damage expected for the 475-year return period earthquake is null for the hospital and the
airport, for which the damage thresholds are higher, and is slight for APUA. Therefore, no EEW
system would be necessary for the hospital and the airport. Instead, it may be useful for APUA, but the
facility is located in the blind zone of the considered earthquake and, therefore, no warning time is
possible. For the MCE, the expected damage is moderate at all the three facilities, or even total for
APUA. The theoretical lead-time is about 9-10 s and therefore an EEW system may be useful in this
case.

TESTING OF “VS IN SC3”
The lead-times given in Table.3 were found without taking into account any EEW algorithm 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
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of the EEW algorithms adopted. In this study, we tested the “VS in SC3” system by making offline
playbacks of the synthetic waveforms.
The Virtual Seismologist (VS) is a regional EEW algorithm that uses a Bayesian approach to
predict the likelihood of a given magnitude and source location using incoming data from an on-going
earthquake and selected prior information, such as network typology, Gutenberg-Richter relationship
and past seismicity (Cua and Heaton, 2007). Recently, the VS algorithm (without the option of using
prior information) was implemented within the SeisComP3 (SC3) framework, which is an automated
real-time earthquake monitoring system for regional and global networks, generally accepted as the
standard software for earthquake detection and waveform processing. More details about the inclusion
of VS into SC3 may be found in Behr et al. (2013). “VS in SC3” provides near instantaneous estimates
of earthquake magnitude (MVS) as soon as SeisComp3 origins are available. Once a SC3 location is
available, the VS magnitude can be computed with 3-seconds of P-wave information at a single
station. The VS magnitudes are then updated every second for a configurable number of seconds,
incorporating additional picks and waveform parameters.
Fig.5 and Table.4 show the result of the application of “VS in SC3” to the computed ground
motion scenarios. Specifically, Fig.5 illustrates the time trend of the difference between the estimated
and real magnitude and hypocentral location, updated every second for 80 s, while Table.4 lists the
final difference in magnitude and hypocentre, averaged over the estimates obtained from the 10
versions of the slip rate function distribution.
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Figure 5. “VS in SC3” performance for the 10 versions of the slip rate function distribution on the fault plane
associated to (a) the 475-year return period earthquake and (b) the MCE: (top) difference between MVS and the
real magnitude, (middle) difference between the estimated and real depth and (bottom) epicentral difference
updated every second for 80 s (green crosses). The cyan crosses indicate that the VS/SC3 estimate is considered
unreliable. The blue dots represent the average values
Table 4. Average difference in magnitude and hypocentre computed after 80 s from the first VS estimate. The
standard deviation is given in parenthesis
Earthquake scenario

MVS-Mreal

Depth diff (km)

Epicentral diff (km)

475-year return period

-0.08 (0.13)

-1.63 (3.41)

2.5 (0.88)

MCE

-0.5 (0.22)

1.45 (1.88)

1.33 (0.86)

From Table.4 we can see that the average location estimated by SC3 after 80 s from the first VS
estimate is very close to the real one, especially in terms of epicentral location. The hypocentral
location was found by SC3 using a structural velocity model with the upper 310 km computed as the
mean of the average velocity models associated to the cells (González et al., 2012) covering the
Eastern Caribbean Region. The estimated magnitude is close to the real one for the 475-year return
period, while it is underestimated for the MCE, with an average offset of 0.5 and a larger standard
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deviation. Fig.5 shows that the final estimates of magnitude and hypocentre take a relatively long time
to stabilize. This time is larger for the MCE and for the magnitude estimate and it strongly depends on
the network geometry and density of the stations, which, in the case examined, is not optimal due to
the geography of the area (i.e. small islands).
The lead-time and the damage expected for the MCE using “VS in SC3” are listed in Table.5.
They have been determined as follows.
a) For each VS update, the PGA expected at the selected facilities is calculated using the GMPE
by Zhao et al. (2006) (mean values), the VS magnitude and the SC3 location. Unreliable VS
magnitude estimates (i.e. likelihood < 0.98) are ignored. The distance adopted is the rupture distance,
which is computed using the conversion relationship between hypocentral distance and rupture
distance proposed by Goda et al. (2010).
b) If the computed PGA exceeds one of the three threshold levels given in Table.2, a virtual
alarm is issued and the lead-time is computed as the difference between the S-wave arrival time at the
facility and the time corresponding to the alert. 2 additional seconds are subtracted in order to take into
account the transmission to the processing centre and the transmission of the warning message.
c) The procedure is not stopped after an alarm is issued, but proceeds until the S-waves reach
the facility in order to allow the updating of the expected damage or the termination of the alarm (for
example in case of a false alarm determined from the earliest VS estimates).
Table 5. “VS in SC3” lead time and related damage for the selected facilities, corresponding to the 10 versions
associated to the MCE. Values in parenthesis correspond to a second alert after the termination of the first alert
Version
number
(MCE)
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10

Hospital
Lead Time
Damage
(s)
8.68 (-)
moderate
(slight)
slight
-

Facility
Airport
Lead Time
Damage
(s)
8.09 (-)
moderate
(slight)
slight
-

APUA
Lead Time
(s)
7.05

Damage
complete

7.05
7.05
-

slight
slight
-

Table.5 shows that in most of the cases no lead-time is possible using the EEW algorithm
adopted. In fact, the first S-waves reach the sensitive facilities after about 24-25 s from the beginning
of the rupture. The first magnitude estimates are available 12 seconds after the beginning of the
rupture. Therefore, considering 2 seconds of technical times, the expected lead-time would be around
10 s, as shown in Table.3. However, from Fig.5 we can see that the first magnitude estimates are
characterized by a magnitude much lower than the real magnitude of the earthquake (Mw=8.5) and this
influences the reliability of the PGA estimate, which, in general, was found to be less than the
threshold associated with the slight damage limit state. Only in one case out of 10 (version #1) MVS
was 8.3 (close to the real magnitude) after 3 s of VS estimates, allowing to issue an alarm with about
7-8 s of lead-time and a moderate expected damage for the hospital and the airport and a complete
damage for APUA. However, the duration of this alarm is only of 2 s because later estimates of
magnitude are lower. For APUA there are two additional versions (#4 and #9) associated to MVS=7.2
giving a 2-second alert with 7 s of lead-time and an expected damage corresponding to the slight
damage limit state (i.e. less than the real damage, see Table.3).
In addition to the magnitude, another parameter strongly influencing the estimated PGA is the
distance metric adopted. In fact, the hypocentral distance may 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), as for the modelled scenario
earthquake. Therefore an incorrect estimate of the distance can lead to a severe underestimation of the
expected PGA.
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CONCLUSIONS
The scope of this paper was to show the results of a feasibility study of an EEW system by
investigating whether such a system could be successfully applied to selected sensitive facilities in
Antigua & Barbuda, which are Mount St John’s Medical Centre, V. C. Bird International Airport and
Antigua Public Utilities Authority – Water Plant. For this purpose, two earthquake scenarios
corresponding to the maximum credible earthquake and to the earthquake scenario associated with the
475-year return period, respectively, were defined. Broadband synthetic seismograms were produced
from the identified earthquake scenarios, both at the sensitive facilities and at the seismic stations in
the Eastern Caribbean. Only the interface subduction seismicity was investigated for this study. The
feasibility study was performed through a two-step analysis.
In the first step, the expected damage was defined from the PGAs retrieved from the synthetic
seismograms and compared with the theoretical lead-times issuable to the selected critical facilities.
The lead-times were calculated using the principles of geometrical optics, assuming a regional EEW
configuration. The comparison has shown that an EEW system would not be useful for the scenario
associated with the 475-year return period, due to the absence of damage (for the hospital and the
airport) or to the absence of warning time (for the water plant). However, the EEW system may be
potentially useful for the MCE, for which a moderate or even complete damage is expected with an
associated lead-time of 9-10 s.
In the second step, the “VS in SC3” algorithm was tested on the ground motion scenarios
computed for the MCE in order to evaluate the lead-time and damage associated to this EEW
algorithm in combination with the GMPE by Zhao et al (2006). The analysis demonstrated that the
magnitude and hypocentre estimated by “VS in SC3” takes a long time to stabilize (> 30s) and that the
magnitude associated with the first VS estimates is much lower than the real magnitude of the
earthquake. This has a great influence on the predicted PGAs, which were found, except in rare
isolated cases, to be lower than the thresholds associated with the slight damage limit state. Therefore,
even if 9-10 s of lead-time are theoretically possible, the EEW algorithm adopted is not able to provide
any stable alert for the modelled MCE.
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