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We analyze the performance of a prototype earthquake early warning system deployed at
the National Seismological Network of Costa Rica in collaboration with the Swiss
Seismological Service by presenting the real-time performance during six earthquakes
(Mw 5.1-6.4) that took place during 2018 and 2019. We observe that, despite only limited
efforts to optimize the existing network of 158 stations, for EEW purposes, the network
density allows fast determination of source parameters using both the Virtual Seismologist
and the Finite Fault Rupture Detector algorithms. Shallow earthquakes on or near-shore
are routinely identified within 11-20 s of their occurrence. The warning times for the capital
city of San Jose are of 43 s for epicenters located at 220 km, like for the Mw 6.4 Armuelles
earthquake. On the other hand, during the time analyzed, the EEW system did not provide
positive warning times for earthquakes at distances less than 40 km from San Jose. Even
though large (Mw > 7) distant historical earthquakes have not caused heavy damage in San
Jose, there is potential for developing an EEW system for Costa Rica, especially for the
purposes of rapid earthquake naotifications, disaster response management, and seismic
risk mitigation.

Keywords: Virtual Seismologist, Finite Fault Rupture Detector, seismic network, open-source software, seismic risk
mitigation

INTRODUCTION

Costa Rica is located at the boundary of three major tectonic plates and one microplate (Figure 1).
There is a subduction zone in the Pacific side of the country, where the Cocos plate is subducting
underneath the Caribbean plate and the Panama microplate at rates from 83 mm/yr in the Northern
Pacific of the country to 89 mm/yr in Southeast Costa Rica (DeMets et al., 1994). Large (up to Mw
7.7) seismogenic zone earthquakes have occurred historically along this plate boundary.
Intermediate-depth earthquakes (depths 40-200 km) also occur beneath most of Costa Rica (e.g.,
Liicke and Arroyo, 2015). In addition, shallow earthquakes are common along the central Costa Rica
Deformed Belt (CCRDB) and the North Panama Deformed Belt (NPDB), which define the limit
between the Caribbean plate and the Panama microplate (Montero, 2001), and along the Panama
Fracture Zone (PFZ) which separates the Cocos and Nazca plates. This complex tectonic setting
generates high-seismicity rates. Since 1821, the nation has faced 68 damaging earthquakes, with an
average rate of one every three years (Montero, 1989; Peraldo and Montero, 1994; Linkimer and
Alvarado, 2014).

The National Seismological Network of Costa Rica (RSN) is a research program at the University
of Costa Rica (UCR) which includes a seismic network designed to monitor seismic and volcanic
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FIGURE 1 | Tectonic framework of Costa Rica and felt earthquakes during 2018 and 2019, as reported to RSN. The origin of the earthquakes is differentiated by
color: red interplate subduction, orange Panama Fracture Zone, yellow shallow crustal earthquakes, and blue intraslab subduction earthquakes. The region contained
within the dotted lines represents the central Costa Rica Deformed Belt (CCRDB). The dashed line represents the simplified northeast boundary of the Central American
Forearc Block along the Volcanic Arc Faults (VAF). The numbered stars represent the earthquakes shown in Table 1. The largest events, 1 and 5, are examined in

detail. Volcanos in the region are indicated by red triangles.

activity within the country (Linkimer et al., 2018). Recently, the
RSN has focused on rapid dissemination of seismic information
and within minutes after an earthquake, data are available in a
website, social networks, a smartphone application, and intensity
maps (e.g., Porras, 2017).

The aim of an earthquake early warning (EEW) system is to
detect and quantify the effect of earthquakes as soon as
possible after they have begun and, if necessary, to warn
people that they are about to experience strong and
potentially destructive shaking (Allen et al, 2009).
Conventional EEW systems characterize the location and
magnitude of an earthquake based on the rapid detection of
the fastest seismic waves, the P-waves, that travel at ~6 km/s.
With the knowledge of the source, an alert can be disseminated
to end users through TV, cell phone applications, radio
systems, or dedicated alerting devices. In addition to
alerting the public, these alerts can be used to perform
automated emergency responses, such as the shutdown of
critical systems, slowing and stopping of trains to prevent
derailment, shutting off gas or water mains, and stopping
elevators to the nearest floor and opening its door, to just
name a few applications.

EEW systems have been developed in many countries. They
are operational in Mexico (Cuéllar et al., 2018), Taiwan (Hsiao
et al,, 2009), and Japan (Hoshiba and Ozaki, 2014; Kodera et al.,
2016), which are regions located in subduction tectonic
environments with different potential of generating destructive
interplate earthquakes, and California (Given et al,, 2018). Test
systems continue to run, in particular in Europe (Clinton et al,,
2016), for example, in Switzerland (Massin et al., 2021), Italy
(Zollo et al.,, 2014), Romania (Bose et al., 2007), and Turkey
(Wenzel et al., 2014).

The effectiveness of EEW systems depends on many factors
that include the density of the seismic network, the quality and
design of the acquisition, and telemetry infrastructure as well as
the data processing resources (Behr et al., 2015). There are other
aspects related to the earthquake characteristics which must also
be considered, such as the epicentral location, tectonic
environment, depth, and fault kinematics.

Over the last decades, SED-ETH has developed EEW
methodologies such as the Virtual Seismologist (VS) (Cua and
Heaton, 2007), a traditional pick-based point source algorithm,
and the Finite Fault Rupture Detector (FinDer) (Bose et al., 2012),
an approach that uses the spatial extent of peak ground motions
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to infer the strike and length of the finite fault. As described in
Massin et al. (2021), both these algorithms have been
implemented as a set of modules that operate within the
SeisComP3 system (Hanka et al., 2010). We call these modules
ESE (the ETHZ-SED SeisComP EEW system). Utilizing two very
different EEW approaches provide redundant and independent
EEW results. VS is more suited for small and intermediate-
magnitude earthquakes that are well-approximated by a point-
source, while FinDer has been developed to resolve high
magnitude earthquakes when source finiteness becomes
significant. Their different methodologies provide different
advantages and independent solutions to the same EEW system.

Since ESE is embedded within SeisComP, EEW can readily be
tested in any SeisComP environment (Massin et al, 2021).
SeisComP is widely used across Central America (Massin
et al, 2018). In 2016, the Swiss Seismological Service (SED-
ETH) and the Nicaraguan Institute of Territorial Studies
(INETER) started a joint project named “Earthquake Early
Warning in Nicaragua and Central America” (EWARNICA),
funded by the Swiss Development Agency to assess the
feasibility of EEW in the region, starting with Nicaragua.

In the first phase of the project (2016-2018), a prototype EEW
system was implemented at INETER. In a second phase
(2018-2021), this system was extended to El Salvador and
Costa Rica, and the RSN was able to participate during
2018-2019. Currently, the RSN is not an active partner in this
project because the lack of personnel does not allow it to cope
with more projects in addition to the pre-existing ones in
the UCR.

In this work, we report on the performance of ESE at the RSN.
We use the solutions of two earthquakes in Costa Rica and
Panama (Mw 6.1 and Mw 6.4) for which the EEW system has
performed optimally. In addition, we present results from four
smaller earthquakes (Mw 5.1-5.4) from different parts of the
country that allows us to further analyze factors such as the
earthquake magnitude and the station density. The main
motivation to show these results is to document the potential
for the development of an EEW system in Costa Rica.

DATA AND METHODOLOGY

Data

The data used in this study primarily comes from the RSN
Seismic Network, whose code is TC in the FDSN, the
International Federation of Digital Seismograph Network (Red
Sismolégica Nacional de Costa Rica, 2017). The RSN is composed
of 37 broadband (BB) and 121 short period (SP) sensors from
which 69 have strong motion (SM) sensors incorporated. These
SM sensors are early generation Sixaolas, version 3, with low
resolution microelectromechanical system (MEMS)
accelerometers. This is problematic for small and moderate
earthquakes (Mw < 6), which are poorly resolved even in the
near field. This density and quality of strong motion sensors
would need to be addressed if an EEW system is to be developed
for this network. The median data delay of the TC network is
3.75 s (April 2020), defined as the delay between the signal being
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recorded at the sensor/datalogger in the field and the arrival of the
corresponding digitized waveform at the processing hub (Behr
etal., 2015). Though this delay is long, it is not unexpected as the
TC network is setup for earthquake and volcano monitoring, but
not for EEW systems.

In addition to their own seismic stations, the RSN incorporates
real-time data from other seismic networks in Nicaragua (Code
NU), Panama (PA), and from the OVSICORI-UNA in Costa Rica
(OV), shared directly or via the Incorporated Research
Institutions for Seismology (IRIS) (Figure 2). These stations
have significantly longer delays. Earthquake locations in the
RSN are performed both automatically and manually by using
the open-source software SeisComP3 (Hanka et al., 2010) and
SeisAn (Havskov et al., 2020), respectively.

Six significant earthquakes that occurred during 2018 and
2019 were selected to analyze the performance of the EEW system
(Table 1 and Figure 1). The first earthquake, which we call the
Golfito earthquake, happened on August 17th, 2018, 23:22:24
UTC, with a magnitude of Mw 6.2 and a depth of 21 km. This
event happened in the South Pacific of Costa Rica and is
associated to the subduction of the Cocos plate beneath the
Caribbean plate. The solution of the focal mechanism reported
by the RSN shows a thrust fault with strike: 291°, dip: 52°, and
rake: 90°. This earthquake generated intensities of up to VI in the
epicentral area and of IV in San Jose at a distance of 180 km
(Arroyo and Linkimer, 2021).

The second event, referred to as Armuelles earthquake, took
place near the locality of Armuelles in Panama, few kilometers
away from the border with Costa Rica. It is associated to a strike-
slip fault (strike: 304°, dip: 76°, and rake: 4°) within the subducting
Cocos plate. This earthquake occurred on June 26th, 2019, at 05:
23:48 UTC, with a magnitude of Mw 6.4 and a depth of 29 km.
Intensities of VI-VII were reported in the localities of Golfito and
Paso Canoas in Costa Rica and Armuelles and David in Panama,
while in San Jose, the Central Pacific, and the South Caribbean of
Costa Rica, it was felt with intensities of IV-V (Red Sismoldgica
Nacional de Costa Rica, 2019). This event nucleated 50 km SE of
the Golfito event.

The other four events analyzed are intermediate-magnitude
earthquakes (Mw 5.1-5.4) located in different regions of Costa
Rica (Table 1 and Figure 1). One of them occurred on November
17th, 2018 (Mw 5.1), in the central part of the country, where the
network density is high, with a depth of 8 km and is associated to
a shallow crustal fault. The next earthquake took place on January
31st, 2019 (Mw 5.4), offshore the central Pacific of Costa Rica at a
depth of 15km and associated to the subduction process. A
subsequent event took place on April 1st, 2019 (Mw 5.2),
originated by a crustal fault in the southern Caribbean of
Costa Rica at a depth of 10 km. The last earthquake nucleated
on August 6th, 2019 (Mw 5.4), in the Wadati-Benioff zone
beneath central Costa Rica, at 105 km depth.

Methodology

The deployment process of the EEW system at the RSN started
with the setup of a Dell Workstation with 6 cores in the RSN
laboratory; it was modified with a 500 GB solid state drive disk
and 12 GB random access memory to work as a dedicated EEW
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FIGURE 2 | Seismic stations used in this study. BB are broadband sensors, SP are

The blacklisted stations are represented in black color.

sensors. The stations are differentiated by FDSN (International Federation of Digital Seismograph Network) web services: TC, Red Sismoldgica Nacional de Costa Rica
(light grey); NU, Nicaraguan Seismic Network (light blue); OV, Observatorio Vulcanoldgico y Sismoldgico de Costa Rica (light red); and PA, ChiriNet, Panama (orange).

short-period geophones, and SP-SM are short period and strong motion

TABLE 1 | Seismic source parameters reported by the RSN for the six earthquakes used in this study. N=number, OT = origin time, Mw = moment magnitude, Lon =
longitude, Lat = latitude, D. (km) = epicentral distance to San Jose, and T. (s) = time for S-wave to arrive at San Jose.

N Date OT (UTC) Mw
1 August 17th, 2018 23:22:24 6.1
2 November 17th, 2018 14:12:53 5.1
3 January 31st, 2019 13:09:51 5.4
4 April 1st, 2019 13:44:49 5.2
5 June 26th, 2019 05:23:48 6.4
6 August 6th, 2019 21:14:10 5.4

server. Ubuntu server 16.04 LTS was chosen as the operating
system and SeisComP3 was installed and configured to read real-
time waveforms from the RSN main acquisition server via the
Seedlink protocol.

For each earthquake analyzed, the waveforms were processed
by using the VS and FinDer algorithms compiled within the
SeisComP software in the EEW server. The VS method is a pick-
based point-source approach for EEW. The location is
determined using the standard SeisComP module scautoloc,
requiring 6 triggered stations. The VS magnitude as
implemented at the time required a minimum of 3s of data
following the P-wave arrival. This algorithm combines

Depth Lon Lat D. T.
(km) (km) (s)
21.0 -83.209 08.574 180 36

7.9 -83.895 10.181 35 -1
14.8 -83.863 08.868 120 12
10.5 -82.655 09.486 160 21
29.0 -82.833 08.336 220 43

104.8 -84.283 10.370 50 4

relationships between the final magnitude and the ratios
between ground motion acceleration and displacement and
specific ground motion prediction equations (GMPEs) for P-
and S-waves (Cua and Heaton, 2007). Once a first solution is
available, VS solutions are updated every second, each one
consisting of values of magnitude, latitude, longitude, depth,
and creation time.

The FinDer EEW algorithm (Bose et al.,, 2012; Bose et al,
2018) uses template matching to automatically provide estimates
of the fault rupture extent in real-time (assuming a line-source)
by estimating the current centroid position, length, and strike.
Unlike VS, FinDer is not based on picks. Its approach compares
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TABLE 2 | Solutions of the Virtual Seismologist (VS) and Finite Fault Rupture Detector (FinDer) for the Golfito and Armuelles earthquakes. Sol = solution, M = magnitude value
(VS or FinDer), Lat = latitude, Lon = longitude, CT = creation time, Tdiff (s) = time difference in seconds between CT and OT, #st = number of stations used in the VS
solution, L.E. (km) = location error, and M.E. = absolute value of magnitude error. The best solutions are chosen when the smallest location differences are obtained

compared to the RSN solution.

A) Golfito earthquake (August 17th, 2018); RSN: Mw 6.1; depth = 21 km. 180 km to San Jose

- Sol M Lat Lon Depth
(km)
First 5.8 8.609 -83.202 22.7
VS Best 5.8 8.609 -83.202 22.7
Last 5.8 8.663 -83.192 3.2
First 5.5 9.132 -83.454 20.0
FinDer Best 6.4 8.276 -83.180 20.0
Last 6.6 8.186 -83.408 20.0

B) Armuelles earthquake (June 26th, 2019); RSN: Mw 6.4; depth = 29 km. 220 km to San Jose

First 6.1 8.318 -82.948 12.0
VS Best 6.2 8.195 -82.859 19.9
Last 6.5 8.306 —82.946 7.2
First 5.8 8.373 -82.955 20.0
FinDer Best 5.8 8.373 -82.955 20.0
Last 6.8 8.688 -83.322 20.0

the observed spatial extent of ground motion with a set of pre-
calculated fixed depth templates using a combined grid-search
and divide-and-conquer approach. FinDer keeps track of the
evolving dimensions of a rupture in progress until peak shaking is
reached. In case of a major earthquake, where the finite fault is
significant, the estimates of source geometries as provided by
FinDer make predicted shaking intensities more accurate for
EEW (Bose et al., 2018).

In contrast to VS, the FinDer solutions presented in this
study are updated irregularly, only when a new solution differs
from the previous one. It is important to highlight that VS uses
any sensor type for detection, and for magnitude, it can use all
on-scale data, whereas FinDer can only use unsaturated BB or
SM data (current configuration within ESE is to identify a
waveform as saturated once it reaches with a raw amplitude
(in counts) above 80% of 22?; this assumes all digitizers are 24
bit). This is problematic at the RSN as the SM sensors are noisy
and the majority of the streamed real-time data come from SP
sensors, not used by FinDer. FinDer is also more sensitive to
gross errors in sensor metadata gains, timing errors, and late
arriving data.

In our study, the warning times available for each earthquake
assume the strong shaking arrives with the first arriving S-waves.

CT (UTC) Tdiff #st L.E. M.E.
(s) (km)

23:22: 12.8 6 4 0.3
36.76
23:22: 12.8 6 4 0.3
36.76
23:23: 42.9 85 20 0.3
06.92
23:22: 20.1 — 68 0.6
4412
23:23: 52.7 - 33 0.3
16.70
23:24: 141.1 — 48 05
45.06
05:24: 15.0 4 21 0.3
03.01
05:24: 19.0 7 18 02
07.01
05:24: 441 41 25 0.1
32.06
05:24: 18.0 — 17 0.6
06.00
05:24: 18.0 — 17 0.6
06.00
05:24: 68.9 - 67 0.4
56.86

The S-wave velocity is based on the P-wave velocity model for
Costa Rica from Quintero and Kissling (2001) and a Vp/Vs ratio
of 1.75, as used by the RSN. In this study, all warnings were
calculated for the capital city San Jose as target, which is also the
most populated region of Costa Rica (Figure 2).

The key parameters used to evaluate EEW solutions here are
the location error—the difference in km between the final RSN
hypocenter and each EEW hypocenter; the magnitude error—the
difference between the final RSN magnitude and each EEW
magnitude; and the time difference between the origin time of
each earthquake which is based on the final RSN location and the
creation time for each EEW solution.

The results presented in this paper span the one year testing
period of 2018-2019. Following the larger earthquakes, the
performance was reviewed, and the algorithms were tuned
using event playback, which favored an improvement of the
EEW system over time. During this step, we optimized the
configuration of the P-wave arrival detection parameters and
the hypocenter location grid, and we created and managed a
blacklist of problematic stations (e.g., those with high latency
or excessively noisy stations). Blacklists are maintained
independently for each algorithm, as they are susceptible to
different issues. Crucially, EEW algorithms are very
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TABLE 3 | Solutions of VS and FinDer for the other four earthquakes in different regions of Costa Rica. Sol = solution, M = magnitude, Lat = latitude, Lon = longitude, CT =
creation time, Tdiff (s) = time difference in seconds between CT and OT, #st = number of stations used in the VS solution, L.E. (km) = location error, and M.E. = absolute
value of magnitude error. The best solutions are chosen when the smallest location differences are obtained compared to the RSN solution.

A) November 17th, 2018; Mw 5.1; central Costa Rica; depth: 7.9 km. 35 km to San Jose

- Sol M Lat Lon Depth CT (UTC) Tdiff # st L.E. M.E.
(km) (s) (km)

First 4.8 9.767 —-83.950 1.0 14:13: 1.2 7 47 0.3
04.21

VS Best 4.8 10.168 —-83.893 6.6 14:13: 34.4 85 3 0.3
27.41

Last 4.8 10.165 —-83.901 5.2 14:13: 41.4 95 3 0.3
34.43

B) January 31st, 2019; Mw 5.4; Central Pacific of Costa Rica; depth: 14.8 km. 120 km to San Jose

First 4.6 8.938 -83.809 16.5 13:10: 21.6 1 10 0.8
12.60
VS Best 5.0 8.873 —83.841 10.0 13:10: 32.7 67 5 0.4
23.72
Last 5.3 8.904 -83.835 1.1 13:10: 51.8 94 15 0.1
42.78
First 4.2 8.997 -83.408 20.0 13:10: 21.4 — 52 1.2
12.43
FinDer Best 45 8.997 -83.454 20.0 13:10: 23.5 — 47 0.9
14.52
Last 6.2 8.952 -83.362 20.0 13:12: 136.4 - 56 0.8
07.39
C) April 1st, 2019; Mw 5.2; South Caribbean of Costa Rica; depth: 10.5 km. 160 km to San Jose1
First 4.6 9.257 -82.911 10.0 13:45: 23.4 7 38 0.6
12.41
VS Best 4.9 9.430 -82.679 10.0 13:45: 33.5 43 7 0.3
22.49
Last 5.3 9.419 -82.657 10.0 13:45: 50.5 78 8 0.1
39.54
First 4.7 9.049 -82.793 10.0 13:45: 21.0 - 51 0.5
09.97
FinDer Best 5.6 9.094 -82.793 10.0 13:45: 28.4 — 46 0.4
17.41
Last 5.9 9.319 -83.068 10.0 13:45: 40.3 — 49 0.7
29.29
D) August 6th, 2019; Mw 5.4; central Costa Rica; depth: 104.8 km. 50 km to San Jose
First 4.7 10.403 -84.300 233.4 21:14: 20.6 17 129 0.7
30.57
VS Best 4.7 10.299 -84.270 101.0 21:14: 25.7 57 9 0.7
35.67
Last 5.1 10.303 -84.280 84.8 21:14: 47.9 129 22 0.3
57.85
First 4.7 9.905 -84.241 85.0 21:14: 37.1 . 56 0.7
4711
FinDer Best 4.7 9.905 -84.241 85.0 21:14: 37.1 — 56 0.7
4711
Last 5.1 9.770 —-84.241 85.0 21:15: 97.8 — 70 0.3
47.75
susceptible to individual timing and metadata errors, in RESULTS

particular in terms of gain. We performed a detailed
revision of the seismic network metadata and improved the
telemetry configuration and delay by decreasing the number of
retransmission nodes.

Tables 2 and 3 summarize the real-time performance of VS and
FinDer with the first, last, and best solution, which was chosen as
the solution with the smallest difference in location error when
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compared to the reference revised network solution (RSN). The
complete list of the VS and FinDer solution updates for each
earthquake is available in the supplementary material. In this
analysis, we do not discuss the line-source component of the
FinDer solutions (which actually is the most important output of
FinDer); we treat FinDer as point-source algorithm reporting the
FinDer centroid solution and the equivalent magnitude results.

Golfito Earthquake

The Mw 6.2 Golfito earthquake occurred on August 17, 2018. VS
provided 31 and FinDer 20 updates in real time. The first VS and
FinDer solutions were determined 12.8 and 20.1 s after the origin
time (OT), with location errors of 4 and 68 km, respectively
(Table 2). The blind zone of this earthquake covered a radius of
~40 km from the epicenter (Figure 3); all VS solutions were
located within 20 km of the RSN epicenter, while the FinDer
solutions had location errors between 33 and 70 km (Figures
4A,B). Considering that San Jose is 181 km from the hypocenter
and a S-wave velocity of 3.7 km/s, the EEW system issued a
warning time of 36 s before the S-wave arrived in San Jose, where
an intensity of IV was experienced.

Though both algorithms correctly and immediately
recognized the event to be significant, their initial magnitudes
were underestimated, with errors up to 0.5 units for both VS and
FinDer (Figure 4C). They approached the Mw 6.2 reference
magnitude with the incorporation of more stations. The best VS
and FinDer solutions were obtained 12.8 and 52.7 s after the OT,
with location errors of 4 and 33 km, respectively (Table 2).

This event occurred shortly after the collaboration began, and
since alerts were sounded at RSN using the open-source software
Earthquake Early Warning Display (EEWD) (Cauzzi et al., 2016),
many seconds before the ground motions were felt, it was very
encouraging and provided a first real-time experience of the
performance of the EEW system. It was the first big event
after the deployment of the EEW system, and, despite no
significant effort to optimize the network for EEW, the system
performed very well with a first solution 12 s after the OT and
location error of 4 km.

During the Golfito earthquake, all available stations were used
by the EEW system, and, without being optimized, the main
limitations on the algorithms were that the FinDer location error
was always above 30 km, which is expected as this earthquake is
located at the edge of the network. Furthermore, the two closest
stations (TC.EDAD. and TC.EDS2) had huge delays during the
Golfito earthquake, and a number of close-by stations (FITO,
JIME, NELY, and PANO) had been blacklisted for FinDer,
because of previous issues. Despite that, the FinDer magnitude
was stable, and the line-source strike was estimated as 330°, which
is close to the RSN moment tensor solution (286°) (Arroyo and
Linkimer, 2021). In contrast, the VS location errors remained
always below 20 km; however, the VS magnitude dropped
significantly after 30 s when P-wave energy from the many
stations in the central valley near San Jose began to be
incorporated.

After this event, we identified several issues to improve. The
PA stations in Figure 2 were not incorporated into the RSN
network, thus leaving a big gap towards Panama. Changes in the

Earthquake Early Warning in Costa Rica

configuration of the EEW system needed to be made including
the blacklisting of stations with recurrent false trigger, adjustment
of the STA/LTA detection and AIC re-picker (filters,
incorporation of the UCR velocity model, and optimization of
the location grid used by SeisComP.

Armuelles Earthquake

Nearly one year later, the largest event during the testing period,
the Armuelles earthquake, occurred 50 km to the SE of the Golfito
earthquake. At that time, the PA stations were already
incorporated into the RSN network (though with higher
latency) and the algorithms had been optimized as described
before. At this stage, the blacklist includes 82 stations.

VS provided 30 and FinDer 14 solutions during this event.
At that time, VS had been modified to produce a solution with
only four stations instead of six, resulting in the first two
solutions provided 15.0 and 16.0 s after the OT with location
errors of 21 km, while the last VS solution was estimated with
41 readings 44.1 s after the OT. On the other hand, the first
and last FinDer solutions were provided 18 and 68.9 s after the
OT (Table 2). The blind zone of this event covers a radius of
50 km from the epicenter and considering its hypocenter at
222 km from San Jose (Figure 5) and an S-wave velocity of
3.9 km/s resulted in 43 s of warning time for the Armuelles
earthquake.

The VS location errors ranged between 18 and 84 km with 7
and 5 stations, respectively, while for FinDer, the errors were
between 17 and 67 km, respectively (Figures 6A,B). At 17.0s
after the OT, a false pick increased dramatically the VS location
error by placing the solution 83 km south of the RSN location;
however, two seconds later, the error decreased to 18 km after
incorporating two more stations into the VS solution. The FinDer
locations for the Armuelles earthquake were more stable than
those provided by VS, with errors of less than 30 km during the
first 31 s along an alignment marked by the solution updates,
which might give insights into the evolution of the earthquake
rupture during the updating process.

The magnitude variation for both algorithms is much more
stable than the magnitude performance of the Golfito earthquake
(Figure 6C), with errors of less than one unit. The fact that the
earliest solution was available 15 s after the OT, that is, 3 s later
than the first solution of the Golfito earthquake, can be explained
by the increased depth of the event (7 km deeper) and the location
further south and across the border, further away from the denser
parts of the network. The additional stations in Panama, despite
their higher latency and only available to VS, contributed
positively to obtain stable magnitude and location results. At
the time of the Armuelles earthquake, we had a more robust EEW
system.

Intermediate-Magnitude Earthquakes

In addition to the two significant earthquakes described before,
the EEW solutions for four intermediate-magnitude (Mw 5.1-5.4)
seismic events in different regions of Costa Rica are reported to
observe the effect of the seismic network density and the
geographical variation of earthquakes in the EEW performance
(Figure 7).
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The event of November 17th, 2018 (Mw 5.1), in the central
part of the country where the network density is high occurs
within 35 km of San Jose and was the closest event to the capital

from the earthquakes analyzed. The first VS solution was
available just 11.2's after the OT with seven stations and a
location error of 47 km due to single false pick, which was
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FIGURE 7 | Solutions for four events selected in different regions of Costa Rica (Table 3). The stars represent the RSN locations, and the circles represent the VS
solutions. The colors correspond to the date of the earthquake, as shown in the inset.

corrected after two seconds, leading to a more reasonable error of
12 km that is dominated by an error in depth. The best solution
was obtained with a location error of 3 km, 85 stations, and 34.4 s
after the OT (Table 3). The magnitude estimation was very stable,
varying between 4.7 and 4.8. FinDer was not running at that time.
Regardless of its fast first solution 11 s after the OT, the alert
arrived one second after the S-wave arrival in San Jose due to its
vicinity to the target.

The first solution for the earthquake on January 31st, 2019, in
the Central Pacific of Costa Rica (Mw 5.4) came from FinDer
21.4 s after the OT with a location error of 52 km. This event was
outside of the network coverage, and we obtained a warning time
of 12's for San Jose. The high location error was corrected to
10 km with the first VS solution 0.2 s later with 11 stations. The
VS location error decreased up to 5 km 32.7 s after the OT with 67
stations (Table 3).

For the event that took place on April 1st, 2019, in the South
Caribbean of Costa Rica with Mw 5.2, the first solution came
also from FinDer 21.0 s after the OT with a location error of
51km and a magnitude of 4.7. The first VS solution was
available two seconds later, with seven stations and a
location error of 38 km. A first alert provided a warning of
21 s for San Jose. The VS location error decreased to 15 km 30 s
after the OT with 23 stations and the best VS solution was
obtained 33.5 s after the OT with 43 stations and a location error
of 7 km (Table 3). Recalling that FinDer uses only data from BB
and SM sensors to match ground motion templates, its
performance for the middle-magnitude events in the Central

Pacific and South Caribbean of Costa Rica was affected by the
few (<4) BB triggered stations and the blacklisted low resolution
MEMS SM sensors.

Another earthquake analyzed occurred on August 6th, 2019
(Mw 5.4), in the Wadati-Benioff zone beneath central Costa Rica,
at 105 km depth. The significant depth of this event resulted in a
first VS solution obtained 20.6 s after the OT, with a location error
of 129 km by using 17 stations, which decreased rapidly to an
error of 31 km just two seconds later with 37 stations and to 9 km
after 3 s with 57 stations. The high density of stations in central
Costa Rica contributed to rapidly improve the VS source
parameters. On the contrary, FinDer was limited by the few
BB and SM sensors EEW capable, obtaining the first solution
37.1 s after the OT with location error of 56 km (Table 3). Even
though the epicenter was located in a high station density region,
we obtained only 4 s of warning due to the significant depth of
this event.

DISCUSSION

The RSN seismic network, composed mainly of SP sensors with
low resolution SM MEMS and with a high median data delay of
3.75s, is not designed for EEW systems since RSN is oriented
towards earthquake and volcano monitoring using pick-based
algorithms. With this in mind, the EEW system was deployed at
RSN to assess its potential in Costa Rica with the existing
infrastructure.
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FIGURE 8 | Closest four vertical SM recordings of the (A) November

17th, 2018 (Mw 5.1), and (B) Golfito (Mw 6.1) earthquakes. The vertical red
lines indicate the origin times. Left vertical axis is in counts and the
corresponding acceleration value is indicated in the right vertical axis.

The epicentral distance of each station is indicated in the labels after the
station name. (A) The low resolution of the strong motion MEMS sensors and
(B) the lost signals shortly after the P-wave arrival during the Golfito
earthquake, most likely due to failure of communication or mains power.

Evaluating the EEW performance over time with different
events becomes difficult, as the number of stations monitored by
the seismic network, their EEW performance, and the
configuration of the EEW system were not constant over the
test period. Also, the performance of VS and FinDer are
compared in terms of point-source characteristics, even
though FinDer is also capable of tracking the current rupture
size (which is actually the main output of FinDer).

The first EEW solutions for the Golfito (12.8 s) and Armuelles
(15s) earthquakes are similarly fast considering differences in
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event depth, but subsequent EEW updates for the Armuelles
earthquake are more stable. This is attributed to the optimization
of the EEW system, for which the main changes included the
incorporation of 25 SP stations from the PA network after the
Golfito earthquake (which help improving the VS estimates), the
blacklisting of 82 stations which are not EEW operational (due to
low resolution data, poor timing, or high latency) and other
changes in configuration, such as the STA/LTA detector, re-
picker filters, and the customization of the location grid. It is
noted that once the network has been optimized, FinDer
approaches and at times exceeds the speeds of the VS alerts.

The aforementioned customization of the EEW system
provided a much more robust FinDer performance during the
Armuelles earthquake, with a much lower FinDer location error
than the one for the Golfito earthquake and a low magnitude
fluctuation for both algorithms. These results show that the EEW
system at RSN already operated satisfactorily without any
customization for VS, and with relatively minor efforts, we
were able to improve the FinDer speed and stability. A
number of critical issues to FinDer, such as the handling of
latent data and faster magnitude convergence, have been
addressed in the latest FinDer release in 2021.

The results of the intermediate-magnitude earthquakes
indicate that VS performs better than FinDer in the RSN
network since it is composed mainly of SP sensors and the VS
system can use these for location and also for magnitude, when
on-scale. The VS magnitudes are generally robust even using few
stations. Thus, VS has an advantage especially in the regions of
higher station density including different sensor types, such as
central Costa Rica.

Limitations related to the seismic network have been
revealed. These include the high median data delay of 3.75s
that would need to be reduced for EEW. Other station issues
observed are GPS timing problems and low resolution of the
strong motion MEMS sensors (Figure 8A); these problems led
to a large proportion of the network, 82 stations, being
blacklisted, significantly reducing the number of operational
EEW stations at RSN. A final challenge observed was the lack
of network resilience during strong motions. At numerous
near-field stations, the signal was lost shortly after the P-wave
arrival, most likely due to failure of communication or mains
power (Figure 8B). Redundancy here should be considered.
The efforts for network optimization outlined here have to be
taken if EEW is to become a product at RSN (Massin et al.,
2020).

As with all EEW systems, we can expect alerts to arrive only
after the onset of strong shaking for earthquakes close to the
target. With the examples presented here, where alerts have been
provided within 11 s of event initiation, we can expect late alerts
for all shallow crustal events within 40 km of the capital.
Unfortunately, if the present network delivers EEW, this
would mean late alerts for repeats of some historically
destructive events near San Jose, such as the Cartago
earthquake (M 6.4) in 1910 (Montero and Miyamura, 1981)
and the Cinchona earthquake (Mw 6.1) in 2009 (Linkimer and
Alvarado, 2014), which were originated by local faults with
epicenters at 20 and 30 km of the city, respectively.
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The alert time is modest (<5 s) for seismic events close to San
Jose originated in the subduction zone, such as the 1990 Cobano
(Mw 7.0) and 1999 Quepos (Mw 6.9) earthquakes, and at
intermediate depth in the subducting slab, like the 1992
Naranjo earthquake (Mw 6.5). Nevertheless, warnings could be
sent for the public in coordination with local authorities. Like in
other nations, automated procedures for heavily-exposed
industrial partners can also be considered, including actions
mentioned before. It is also worth noting that even if alerts
are late, EEW can provide earthquake parameters and shaking
information concurrent with the arrival of ground motions,
which can be effectively used to inform geoscientists, civil
authorities, and the wider public before the onset of cascading
failures of communications and power infrastructures that
may occur.

In summary, it is clear that even with the performance presented
here, the EEW can be useful for providing rapid earthquake
notification for San Jose. During the testing period, a small
crustal earthquake (May 9th, 2019, Mw 3.3) near San Jose was
detected by VS after only 5.8 s. As the event was small and only very
locally felt, it was not detailed in this study. If results like this could
be replicated by using an improved seismic network, the epicentral
region that receives late alerts may be reduced significantly.

CONCLUSIONS

With the existing RSN network, which has not been optimized for
EEW systems, and using the SED-developed ESE EEW system for
selected earthquake of 2018-2019, we observe warning times for
San Jose of 36-43s for distant (180-220km) earthquakes.
Epicenters at less than 40km do not allow positive warning
times for the metropolitan area of San Jose. FinDer has
performed well for the M > 6 earthquakes; however, it is
limited for the intermediate-magnitude (Mw 5.1-5.4) events
since the majority of stations in the RSN network include SP
sensors not used by FinDer. Additionally, VS, trigger-based and
capable of using any seismic sensor, has proved to be successful for
the six earthquakes studied here.

We have identified limitations in the EEW system related to
noisy or high-latency stations which reduced the number of
operational EEW stations. Despite that, the current RSN
network has the potential to provide alerts for large (M > 6)
earthquakes occurring at distances larger than 40 km by using
FinDer and VS. This could be further improved by increasing the
density of operational EEW stations in the country and reducing
data delays. We also demonstrated the feasibility of rapid
earthquake notification from the current RSN network in all
studied cases, potentially providing alerts for disaster response
management and seismic risk mitigation.
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