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The Geological Survey of Israel has upgraded and expanded the national Israeli
Seismic Network (ISN), with more than 110 stations country-wide, as part of the
implementation of a governmental decision to build a national Earthquake Early
Warning (EEW) system named TRUAA. This upgraded seismic network exhibits a
high station density and fast telemetry. The stations are distributed mainly along the
main fault systems, the Dead Sea Transform, and the Carmel-Zfira Fault, which may
potentially produce Mw 7.5 earthquakes. The system has recently entered a limited
operational phase, allowing for initial performance estimation. Real-time performance
during eight months of operation (41 earthquakes) matches expectations. Alert delays
(interval between origin-time and Earthquake Early Warning alert time) are reduced to
as low as 3 s, and source parameter errorstatistics are within expected values found in
previous works using historical data playbacks. An evolutionary alert policy is
implemented based on a magnitude threshold of Mw 4.2 and peak ground
accelerations exceeding 2 cm/s2. A comparison between different ground motion
prediction equations (GMPE) is presented for earthquakes from Israel and California
using median ground motion prediction equations values. This analysis shows that a
theoretical GMPE produced the best agreement with observed ground motions, with
less bias and lower uncertainties. The performance of this GMPE was found to
improve when an earthquake specific stress drop is implemented.
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INTRODUCTION

Earthquake Early Warning Systems (EEWS) are a tool to reduce earthquake risk. Their basic
approach is to issue an alert as soon as possible following the occurrence of an earthquake, before
damaging seismic waves arrive at a target. Some EEWS are based on identifying P-wave onsets or a
preset acceleration threshold crossing, and to raise an alert that can be used to mitigate the effects of
the expected ground shaking. Earthquake detection, by either single or multiple seismic or geodetic
stations, can be done “on-site” close to the target or “regional” close to the source (Nakamura, 1988).
Various algorithms are currently available—operational or under development around the world
based on point-source, finite fault, and ground motion models (Allen and Melgar, 2019 and
references therein).

Israel’s main seismic risk is attributed to the tectonically-active plate boundary fault system
of the Dead Sea Transform (DST) and its branches (Figure 1) (e.g., Garfunkel et al., 1981), with
earthquake magnitude potential of up to Mw7.5 (Hamiel et al., 2009). The increase in
population density and in industrial and commercial infrastructures have amplified the
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seismic risk for Israel and led the Israeli government to
appoint the Geological Survey of Israel (GSI) as responsible
for establishing an EEWS, named TRUAA; TRUAA refers
to the Hebrew word for the sounds of trumpet and of
the traditional Jewish horn (Shofar), used for both,
religious ceremonies and alerting (e.g. Joshua 6:20, Holy
Bible: KJV).

The Israeli EEWS consists of three main components: 1)
Seismic data acquisition system (Kurzon et al., 2020; 2) EEW
Algorithm (Nof and Kurzon, 2021; 3) Dissemination system.
While the former two are under the responsibility of the GSI, the
latter is under the responsibility of the Home Front Command
(HFC), of the Israeli Defense Force.

In Israel, several geographical and seismological
considerations pose unique challenges for EEW. Since the
country’s shape is narrow and sub-parallel to the main
hazardous fault system (DST is oriented north-south), most of
the population lives in proximity to potential earthquakes. Thus,
the main challenge is the expected short response times, defined
as the interval between earthquake alert issuing time and S-wave
arrival time at a certain location. In addition, the DST coincides
with the international border and the seismic network is deployed
only on its western side. Therefore, the performance of the system
suffers from limited azimuthal coverage, which results in reduced
accuracy and increased uncertainties for automatic earthquake
locations (Nof and Allen, 2016; Nof et al., 2019). Finally, EEW
optimization and calibration using real time or historical
playbacks, as commonly used elsewhere (Nof and Allen, 2016;
Cochran et al., 2017; Meier et al., 2020), is challenged by the low
seismicity rate (e.g., ∼ten times lower than California) and limited
historical data.

TRUAA INFRASTRUCTURE AND
ACQUISITION SYSTEM

Until 2017, the Israeli Seismic Network (ISN) consisted of 23
broadbands and short period sensors, collecting data in real-time
at the Seismological Division data center formerly of the
Geophysical Institute of Israel, located at the city of Lod
(central Israel). Data acquisition and network geometry were
not optimized for EEW, with high latencies (∼3 s) and large data
packets (∼6 s), leading to poor performance in real-time (Nof and
Allen, 2016).

TRUAA infrastructure follows one of the main principals
set by the EEW international committee (Allen et al., 2012),
requiring a state-of-the-art real-time seismic network, as the
underlying foundation for efficient and reliable EEWS.
Therefore, the ISN has gone through significant upgrades
and modifications, since September 2017. In order to
overcome the main challenge of short response times (see
previous section), the network was designed to minimize
alert delays, by densifying the station distribution (Kuyuk
and Allen, 2013b) along the main seismic sources [DST and
the Carmel-Zfira Fault System (CF)], and significantly
reducing telemetry latencies. The resulting seismic
network currently has 110 working stations, out of 121
planned stations, with below 1s data packets, and station-
intervals of 5–10 km along the major faults (Figure 1). All
stations are equipped with strong motion Titan
accelerometers, and Centaur dataloggers, sampling in 200
samples per second; some (25 stations) have collocated
broadband Trillium 120 s seismometers; seismic instrumentation
is provided by Nanometrics. A full overview on TRUAA
infrastructure is given by Kurzon et al. (2020). In order to
increase reliability and robustness of the EEWS, several layers of
redundancy were implemented at all network scales: 1) each station
has two telemetry routes, the main and fast route, by ethernet or
cellular, with latencies of 600–900 ms, and the backup route, by
cellular or satellite, with latencies of 700–1500ms; 2) there are two

FIGURE 1 | Location map of TRUAA seismic stations network. Strong
motion sensors are marked as yellow circles. Co-located broadbands are
marked as red circles and GNSS receivers are marked as blue dots. Active
faults (red lines) are after Sharon et al., 2020. DST—Dead Sea Transform,
CF—Carmel Fault, Lod—Lod data center, Jer—Jerusalem data center.
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data centers synchronized and working in parallel using an active-
active cluster configuration, the main one in Jerusalem and the
backup in Lod; 3) Each data center hosts two parallel acquisition
and processing chains (hence, a total of four independent chains).

The acquisition system is based on Nanometrics’ Apollo
Servers which forward the data for both routine seismic
monitoring procedures and the EEWS at each data center.
Each data packet is multi-casted separately via the two routes
and reaches each of the four separate acquisition systems. Since
Jerusalem main data center is located ∼20 km from the DST,
this redundant configuration of four independent EEWS is
expected to provide high robustness in case of a catastrophic
event.

TRUAA EARTHQUAKE EARLY WARNING
ALGORITHM

The collected seismic data is processed using the
United States. West Coast ShakeAlert’s Earthquake Point-
source Integrated Code (EPIC) EEW algorithm (Given et al.,
2018; Kohler et al., 2020), providing rapid alerts for
potentially damaging earthquakes. The EPIC algorithm,
formerly under the codename ElarmS (e.g. Chung et al.,
2019), is a regional (network based) point source
algorithm. In order to issue an alert, the algorithm
requires P-wave detections by a minimum of four
different stations and at least 40% of active stations in the
P-phase wave-front area. The earthquake location is
obtained by a 200 × 200 km grid search, in which the
residuals of the calculated and observed arrival-times are
minimized based on a one-dimensional layered global
velocity model, AK135 (Kennett et al., 1995). Then, event
magnitude is estimated from the hypocenteral distances
combined with the peak displacement (Pd) values,
calculated from accelerations or velocities measured at the
different stations (Kuyuk and Allen, 2013a; Sadeh et al.,
2014). The event’s magnitude estimate used is the average of
the estimates at all near-source stations and an uncertainty
on this value is also computed but not used for alerting
purposes. As time progress and additional data become
available, the origin-time, location, Pd values and
magnitude are all updated with higher accuracy (e.g.
Kohler et al., 2020). Modifications and developments of
ShakeAlert are carefully examined and implemented after
adjustments to the local seismic network and conditions
(Nof and Allen, 2016; Nof and Kurzon, 2021). The
TRUAA EEWS consists of TRUAA’s acquisition system,
EPIC’s Waveform Processor (WP), and Event Associator
(EA) that identifies events and sends alerts to a Decision
Module (DM) that forwards alerts based on a predefined
magnitude and geographic location. ActiveMQ messaging
system (Kohler et al., 2018; Chung et al., 2019) is used for
communication between the modules. In our
implementation, EPIC EA alert messages, limited to M >
2.5, are shared between all four DM instances and each DM
finally converges the EA alerts to produce a single EEW alert

with updating intervals of 1 s. The HFC listens to the DM
alerts and is responsible for disseminating proper alerts to
the public. Although the HFC alert dissemination system is
actively working for various threats, currently, earthquake
alerts are distributed only to a limited test group via a cellular
application. In addition to the HFC alerting channels, a test
group receives alerts via a dedicated GSI Telegram bot.

TRUAA EARTHQUAKE EARLY WARNING
ALGORITHM PERFORMANCE

The deployment phase of TRUAA, ongoing since September
2017, provided the opportunity to test the EEW algorithm in real-
time. As data centers were being configured and additional
stations deployed, telemetry and stations have shown
variability in performance and availability, with occasional
data outage in all or in parts of the network, and variable
latencies or completeness levels. Nevertheless, the available
data was sufficient to examine the performance of ElarmS, and
carefully upgrade the EEW into EPIC (Nof and Kurzon, 2021). In
this work, we attempt to assess the expected performance of the
EEWS in terms of alert-delays and source parameter accuracy
(location, origin-time and magnitude) by analyzing statistics of
the available data between May 2020 and January 2021. Although
most of the stations were already deployed during this period, we
note that not all stations were available to the system at all times
and occasional outages occurred. We use data from a real-time
testing system utilizing a single processing chain (e.g. WP and
EA) which has the most complete real-time data record and its
performances are similar for the four operational processing
chains.

Expected Alert Delays in Israel
The expected performance, in terms of alert delays, were
estimated as the minimal alert delay for earthquakes
occurring in and around Israel, i.e., estimating the
theoretical time for EPIC to provide EEW to the HFC
dissemination system, given an earthquake location and
seismic network geometry (Nof and Kurzon, 2021). This
analysis presented by Nof and Kurzon (2021; their Figure 3)
shows that the minimal delay time is 4.7 s, where the seismic
network is most dense. This estimation assumes an
earthquake depth of 10 km and processing and telemetry
times of 1 s, each. Typically, latency and processing times are
less than 1 s. Longer telemetry delays as well as deeper
hypocenters would result in longer alert delays. Alert
delays are expected to be ∼5 s for events occurring along
the main hazardous fault lines. Assuming a very conservative
S-wave velocity of 3.5 km/s and depth 10 km this delay
would translate into a ∼15 km blind-zone (∼22 km with
added 2 s for alert dissemination), wherein S-wave would
precede alert issuance. This is a significant improvement
relative to previous blind-zone estimation of over 30 km
(Pinsky, 2015). Slower S-wave velocity would yield smaller
blind zone while shallower events might yield larger
blind zone.

Frontiers in Earth Science | www.frontiersin.org June 2021 | Volume 9 | Article 6844213

Nof et al. Israel’s EEWS-Towards Operational Stage

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Real Time Performance
Since it’s installation on May 5th, 2020, EPIC version 3.2.1-
2020-04-17 was running in real-time. Until January 1st, 2021,
EPIC EA has identified and alerted on 154 events of M > 2.5
(EPIC magnitude estimation). In order to assess the EEW
algorithm performance, the GSI catalog (earthquake.co.il last
access 2021-03-01) is considered as a reference and a careful
association is required between the two datasets. We first
use large area catalog events to associate EPIC events and
then process only those associated with catalog events
located in a more local area that corresponds to the
TRUAA coverage.

For this period, the GSI catalog includes a total of 2,674
events (525 with Mw > 3) located between 27–36 latitudes and
32–38 longitudes with maximal magnitude of Mw 6.7 (the 2020-
10-30 11:51 Aegean Sea earthquake). While the catalog’s
geographic coverage is larger than the expected EEW
coverage (limited to ∼200 km from the seismic network
stations) distant events may trigger an alert with large
location errors and therefore should be considered. We
associate the GSI catalog records with EPIC’s EA alerts based
on a time window of 130 s to allow association of distant events.
For the 2674 GSI catalog events only six are categorized as “Felt”
(e.g. were reported by the public to be felt) and 1,610 events are
categorized as quarry blasts or explosions (all with Mw < 3,
some without recorded catalog magnitude).

Out of the 154 EPIC alerts, two were not associated with any
catalog event (False alerts) and one was associated with an un-
cataloged teleseismic event (2020-10-06 Mw 5.9 Fiji). The EPIC

first magnitude estimation for these three events was in the range
of 2.6—3.1. For the six felt events that occurred during this
period, five were identified and alerted by EPIC and one missed -
the Mw 5.3 2020-12-05 Near Antalya, Turkey. This missed felt
event was a distant event (>450 km from ISN) and as such should
not be considered, though it was widely felt in Israel (21 reports at
the USGS “did you feel it” with MMI III).

As previously mentioned, TRUAA is yet to be fully
operational and data acquisition in real-time suffer from
different challenges. We use the EPIC alerts database to
investigate the system performance in terms of alert delay
times, magnitude errors and locations errors. These
parameters are of high importance for decision makers in
establishing the appropriate public alerting approach in
Israel. Previous analysis of historical playbacks have found
median and standard deviation (σ) of 3.7 km (σ 32.26 km) and
0.8 s (σ 4.33 s) for the location errors and time errors,
respectively, and mean magnitude error of 0.41 (σ 0.43) for
the population of all 49 felt events (2.8 < Mw < 4.8) during
January 2012 to March 2020 (Nof and Kurzon, 2021). In order
to compare these findings with current real-time performance
we use all 41 catalog events (2.1 < Mw < 3.7) that occurred at
the same spatial reference of 29o–35o Latitudes and
32.5o–36.5o Longitudes and their first EPIC EA alerts.
Figure 2 summarizes these statistics with a mean
magnitude error of 0.38 (σ 0.28), median location error of
5.08 km (σ 17.42 km) and median time errors of 0.8 s (σ 5 s).
These obtained statistical values are similar to those
previously found using historical events playbacks (Nof

FIGURE 2 | EPIC real-time performance evaluation. (A) magnitude errors; (B) location errors; (C) origin time errors; (D) measured alert delays vs. expected alert
delays (Nof and Kurzon, 2021; See their Figure 3 for expected alert delays spatial distribution). Dots denote events with catalogmagnitude of Mw < 3, gray circles denote
events with catalog magnitude Mw > 3, red circles represent felt events, dark dashed line represents a 1:1 fit between expected and measured alert delay, gray dashed
lines represent ±1 s from the 1:1 fit line; All errors are referenced to the ISN catalog.
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and Kurzon, 2021). The alert-delays (Figure 2D) show good
fit with the expected alert delays, detailed in Expected Alert
Delays in Israel section, especially for the stronger events with
catalog magnitude of Mw ≥ 3. All four felt events in the
analyzed subset are within ±1 s of the expected alert-delays.
Significant deviations, with larger than the expected alert-
delays can be explained by small events (Mw < 3) that require
additional time to fulfill the required magnitude threshold of
M ≥ 2.5 in order to trigger an alert by the algorithm or by
distant location from the seismic network. Although the
datasets are limited in numbers and magnitude range, the
EEWS performance within reported felt events is in
accordance with expectations in terms of alert delays (see
Expected Alert Delays in Israe Section) and in terms of
location and magnitude errors based on historical data
estimations (Nof and Kurzon, 2021). The results show that
the EEW algorithm performance in real-time is as expected
and that decision makers may rely on these findings to
determine the alert approach for Israel.

ALERT APPROACH FOR ISRAEL

The initial earthquake alert approach for Israel was to alert
educational institutions country-wide in case of a Mw ≥ 5.5
earthquake. Nof and Kurzon (2021) discussed the potential
limitations of TRUAA and proposed an alternative approach
for Israel. This alternative approach adopted herein. The main
challenge is the potential earthquake magnitude under or over-
estimation, which may respectively lead to damage (structural,
personal physical or psychological) when alert should have
been issued or unnecessary disturbance when alert was not
required.

Given the inherent EPIC point source algorithm limitations
and the need to balance between the short time for disseminating
useful alerts and reducing needless alerts (e.g., alerting when
damage is not expected), the proposed alerting approach is now
approved by the decision makers and will allow for an
“evolutionary” alert to both educational institutions and the
general public. Currently, it is not scheduled to deliver EEW

FIGURE 3 | “Evolutionary” EEW alert. With time, magnitude estimation is updated and the alerted area (pink) increases. Population numbers represent units of
1,000 per alert area. In a different scenario, where magnitude estimation would not increase (e.g. magnitude is stable at Mw 4), the alerted area is minimal and other areas
are not disturbed. Alert area limit is calculated as 2 cm/s2 using Lior and Ziv (2018) GMPE around the epicenter (red mark). Blue and red circles indicate the front of the P-
and S- waves, respectively. Black and gray circles are 10 s intervals for S-wave front e.g. the expected S-wave front within 10 and 20 s, respectively.
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to sensitive infrastructures due to the current high
uncertainty of the solutions and the sensitivity of
infrastructures to unrequired alerts. In the following, we
present the current EEW policy in Israel and the
considerations for this approach.

TRUAA Alerting Policy
Following the recommendations of Nof and Kurzon (2021) for
an “evolutionary” alert (Figure 3), similar to the USGS
ShakeAlert’s approach (Given et al., 2018), alerts for
magnitudes in the range of 4.2 ≤ Mw < 6.0 will be limited to
areas where the ground shaking is expected to be above 2 cm/s2

(pink zone in Figure 3), which is well felt (MMI II-III), but
should not cause any significant structural damage (Worden
et al., 2012). For events with magnitude Mw ≥ 6—A country-
wide alert will be assigned.

The described approach is aimed to balance the need to
alert as soon as possible for potentially damaging events and
the need to avoid alerting for regions where no action is
required (Cochran and Husker, 2019; Le Guenan et al., 2016;
Minson et al., 2018). While public demand and expectations
in some places are to receive alerts even when no physical
damage is expected (MMI > III), such as following the 2019
Ridgecrest earthquake in California (Cochran and Husker,
2019), in other places alerts are expected only for more
damaging events, such as in New Zealand (Becker et al.,
2020). Common public alert approaches are aimed at
higher intensities such as the JMA L5 in Japan (Hoshiba
et al., 2008) and the initial alert threshold of MMI IV in
California (Given et al., 2018). The relatively low threshold of
2 cm/s2, balanced with a low magnitude threshold of Mw 4.2,
allows to account for local amplifications and the
uncertainties in magnitude, location and ground motion
prediction equations (GMPEs) (Minson et al., 2019). The
apparent public acceptance and tolerance for receiving
alerts even where no damage occurred (Allen, 2017; Allen
et al., 2018) allows the use of such a low threshold to ensure
alerts are sent only to areas that are expected to feel shaking
(Worden et al., 2012) and reduce disturbance to the public
where no action is required. The Mw 4.2 threshold mitigates
the risk of delaying alerts for initially underestimated large
earthquakes (Böse et al., 2012; Meier, 2017; Melgar and Hayes,
2017; Minson et al., 2018; Meier et al., 2020) while avoiding
unrequired alerts to non-damaging lower magnitude events.
Since for large magnitude earthquakes additional time might
be required in order to converge to its maximal peak
displacement (Trugman et al., 2019), hence, as additional
information is gathered and becomes available for the
EEWS, magnitude estimation is expected to be more
accurate and corresponding alert area would increase.
Initiating the alert to a limited area at an early stage
reduces the “blind zone” where alerts are received after
S-wave arrivals. In addition to the lower-bound magnitude
threshold, a second threshold was selected at Mw six to spread
an alert country-wide. Since most of the country is likely to be
included in the 2 cm/s2 zone, extending the alert to the whole

country mitigates the point-source algorithm potential
saturation at magnitudes larger than Mw six (e.g. Brown
et al., 2009).

FIGURE 4 | Alert panel screenshot taken from the HCF app. Red frame
surrounding dedicated earthquake icon with the name of user place, action
instructions, date, time and type of threat (earthquake in this case). A unique
alerting sound and additional instructions are also available. Instructions
include information on how to react at different places (indoors, outdoors,
cars, coastline).
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TRUAA Alert Dissemination to the Public
Currently, disseminating alerts is the responsibility of the
HFC. EPIC’s DM point source solutions are acquired from the
ActiveMQ messaging system as XML format by a dedicated
new module and translated into Common Alerting Protocol
(CAP) format (Jones et al., 2010). A pre-calculated
magnitude-distance table is used to set the alert radius
around the epicenter, based on the selected thresholds and
GMPEs. The EPIC alert is forwarded to the HFC
disseminating system in less than 0.5 s (∼400 milliseconds).
HFC can forward the alerts to the public using various
methods (cellular application, emergency sirens, TV, radio
etc.) which adds an additional 1–10 s depending on the alert
medium. Currently, a test group of subscribers to the HFC
alert applications can receive alerts. The subscriber can
register to any location (city/settlement) and receive simple
informative push messages in case of an alert to these
locations. In addition, a full alert panel will appear in case
of an alert to the device’s current location. The alert panel
(Figure 4) includes red colors, earthquake icon, user location
name, date, time and type of threat (earthquake in this case).
A unique alerting sound and additional instructions are also
available in Hebrew, English, Arabic and Russian.
Instructions include information on how to react at
different places (indoors, outdoors, cars, coastlines).
Emergency sirens are currently designed to sound verbally
the word “Earthquake” in Hebrew to distinguish from other
threats. The system is yet to be operational on a
national level.

SELECTION OF THE APPROPRIATE
GROUND MOTION PREDICTION
EQUATIONS FOR EARTHQUAKE EARLY
WARNING IN ISRAEL

Following real-time magnitude and location
determination—alert issuance and alert region are
determined based on GMPEs. GMPE development requires
large earthquake dataset with a wide magnitude range. The
low seismicity rate in the region limits the development of
rigorous local GMPEs, thus, several global GMPEs are tested
to determine the optimal one for TRUAA. The appropriate
GMPEs should meet the following criteria: 1) regionally
adjustable; 2) Based and validated on a large global dataset
with 3 ≤ Mw ≤ 7; and 3) Yields low standard deviations

between observed and predicted median values of ground
motions, in particular when tested against regionally
recorded earthquakes. The latter is crucial for EEW, due
to the limited information available in real-time (Magnitude
and epicentral distance). In this section, the performance of
three different GMPEs is compared: the model-based GMPE
of Lior and Ziv (2018, LZ18), the empirical GMPE of
Abrahamson, Silva and Kamai (2014, ASK14) and the
empirical GMPE of Cua et al., 2009, CH09. The LZ18
GMPE is formulated as follows (Eq. 20c in Lior and Ziv,
2018):

PGA � 3.3M
1
3
0Δτ

2
3βA

R

�������������������
κ[ 1
κCS

( 7M0

16Δτ)1
3 + R/CS

√ ][1 + 1.5−14πκkCS(16Δτ7M0
)1
3]2

(1)

where PGA is peak ground accelerations, M0 is the seismic
moment, Δτ is the stress drop, βA is a constant, R is the
source-to-site distance, κ is the high-frequency attenuation
parameter, k is a source model dependent constant (e.g.,
Brune, 1970; Madariaga, 1976), and CS is the S-wave velocity.
Parameter values are set to those used by Lior and Ziv (2020):
βA � 2.05 · 10− 8m2s

kg , κ � 0.025 s , (Lior and Ziv, 2018),
k � 0.21, (Madariaga, 1976) and CS � 3.2 km/s (Lior and Ziv,
2020). The CH09 GMPE is presented in Eq. 4 of Cua and Heaton
(2009):

log10(PGA) � aM + b(R1 + C(M)) + d · log10(R1 + C(M)) + e

(2)

where PGA ismeasured in cm,M ismagnitude, R1 �
������
R2 + 9

√
, R is the

epicentral distance (in km),C(M) � c1ec2(M−5) × (arctan(M − 5) + π
2)

and e is a constant. The coefficients for hard rock sites were used
(Table three of Cua and Heaton, 2009): a � 0.73, b � −7.2 × 10−4,
c1 � 1.16, c2 � 0.96, d � −1.48 and e � −0.42. We tested the fit
between observed PGA and the CH09 GMPE using both the
“hard rock” and “soft soil” coefficients and found a better
agreement using the “hard rock” coefficients. This is not
surprising given that the vast majority of ground motion
records used in this study were recorded at hard rock sites.

For ASK14, we use the basic form of the GMPE since many
coefficients are unknown for Israel. This formulation is
presented in Eqs 2–4 of Abrahamson, Silva and Kamai
(2014):

log(PGA) �
⎧⎪⎨⎪⎩ a1 + a5(M −M1) + a8(8.5 − M)2 + [a2 + a3(M −M1)]log(R) + a17RRUP M >M1

a1 + a4(M −M1) + a8(8.5 − M)2 + [a2 + a3(M −M1)]log(R) + a17RRUP M2 ≤M <M1

a1 + a4(M2 −M1) + a8(8.5 − M2)2 + a6(M −M2) + a7(M − M2)2 + [a2 + a3(M −M1)]log(R) + a17RRUP M <M2

(3)

Frontiers in Earth Science | www.frontiersin.org June 2021 | Volume 9 | Article 6844217

Nof et al. Israel’s EEWS-Towards Operational Stage

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Where R �
����������
R2
RUP + c24M

√
and

c4M �
⎧⎪⎨⎪⎩ c4 M > 5

c4 − (c4 − 1)(5 −M) 4<M ≤ 5
1 M ≤ 4

(4)

RRUP is the closest distance to the rupture plane, equivalent to the
epicentral distance for small earthquakes. The following coefficient
values were used: c4 � 4.5,M1� 6.75,M2� 5, a1� 0.587, a2 � −0.79, a3
� 0.275, a4� −0.1, a5� −0.41, a6� 2.154, a7� 0.0, a8� -0.015 and a17�
−0.0072 (Abrahamson et al., 2014). Both CH09 and ASK14 describe
the median PGA while LZ18 describes a theoretical PGA, based on
commonly used seismological models (Brune, 1970; Anderson and
Hough, 1984). The validation of LZ18 to a diverse data set of
earthquakes, mainly from Japan and California, revealed low
uncertainties of 0.7 in natural log units (0.3 is 10 base log units)
(Lior andZiv, 2018), comparable to 0.31 determined forCH09 (10 base
log units) (Cua and Heaton, 2009). For ASK14, standard deviation are
not reported specifically for the base form of the GMPE used here.

All GMPEs meet criteria 2) so they will be appraised based on
criteria 1) and 3). The tested GMPEs are compared using locally
recorded earthquakes, as well as the 2019 Mw 6.4 and Mw 7.1
Ridgecrest earthquakes to compensate for the lack of large
magnitude events in our local seismic record. In contrast to the
empirical GMPEs (ASK14 and CH09), which are a function of
magnitude and epicentral distance (under the EEW algorithm
point source assumption), the LZ18 GMPEs also depend on stress
drop. Since stress drop is currently not resolved in real-time, it will

be estimated using the magnitude—stress drop relation established
for California earthquakes by Lior and Ziv (2018; their Eq. 18a):

log10Δτ � 4.57 + 0.14log10M0 (5)

This relation, determined for earthquakes of similar
mechanism (mostly strike-slip), provides a good fit to
observed ground motions, as further shown.

To examine the performance of the different GMPEs, they
are compared to recorded ground motions. Predicted PGA
are calculated using the different GMPEs and catalog
magnitudes and source-to-site distances. We focus on the
median predictions of the GMPEs, neglecting their
uncertainties, since the EEW alerts are binary—either
alert or not and these GMPEs uncertainties cannot be
considered in real-time. Thus, we do not perform a
complete evaluation of each GMPE. Figure 5 shows the
discrepancies between observed and predicted PGA (using
different GMPEs) as functions of magnitude and distance,
and Figure 6 shows observed PGA as a function of distance,
along with a fit to the different GMPEs, for four different
earthquakes in Israel and California. In Figure 5, only PGA
>1 cm/s2 are considered, since lower values are of little
interest for EEW. Figure 5 reveals that the residuals are
invariant to magnitude and distance for all GMPEs. The
average discrepancies and the standard deviations of the
residuals (µ and σ, respectively, in the legends of Figure 5A
and Figure 6) indicate that LZ18 produces a better fit to the
observations compared with the two empirical GMPEs,

FIGURE 5 | The logarithm of predicted PGA (PGAGMPE) minus the logarithm of observed PGA (PGAOBS) as functions of (A) catalog moment magnitude and (B)
source-to-site distance. Discrepancies calculated using CH09, ASK14 and LZ18 are indicated by blue circle, black line and red dots, respectively. Average discrepancies
(µ) and standard deviations to the residuals (σ) between predicted and observed PGAs are indicated in the legend.
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showing a lower standard deviation, and a more symmetric
residual distribution (µ closer to 0). The negative average
discrepancies, typically observed for CH09 and ASK14,
indicate a general ground motions underestimation. Such
underestimation has been previously reported by Nof and
Allen (2016) who implemented a simple globally derived
GMPE for real-time magnitude estimation of Israeli
earthquakes. Thus, we conclude that LZ18 is the more
suitable GMPE, producing lower ground motion
uncertainties, as required by criteria 3) defined earlier.

Since LZ18 explicitly includes the stress drop, we test
whether implementing an earthquake specific Δτ improves
PGA predictions. Unlike the stress drops given by eq. 5, which
describes stress drop averaged for many investigated
earthquakes in California, an earthquake specific Δτ is
determined for each individual earthquake separately.
Average earthquake stress drops are calculated for each
event using the single-step source parameter inversion of
Lior and Ziv (2018). To obtain reliable stress drop
estimates, only stations at hypocentral distances of less
than 50 km are used. Predicted LZ18 PGA calculated using
earthquake specific stress drops, provide a better fit to

observed data, as indicated by the blue curves in Figure 6.
These results demonstrate the ability to locally adjust the
LZ18 GMPE (criteria one), and confirms that shaking
intensities may be better predicted by incorporating real-
time stress drop determination (e.g. Lior and Ziv, 2020). In
contrast to the large additional dataset required to locally
adjust CH09 or ASK14, the real-time stress drop calculation
may be implemented in the EEW algorithm without
additional seismic data.

The underestimation of PGA using CH09 and ASK14
(Figures 5, 6) typically results in smaller alert areas
compared to those imposed by LZ18. To demonstrate this
effect, Figure 7 shows magnitude as a function of the predicted
alert area radius for the different GMPEs. Here, alert radius
corresponds to the predefined threshold of peak ground
accelerations >2 cm/s2. Similar alert radii are predicted for
small magnitudes (M<∼4), while at larger magnitudes, the
LZ18 GMPE is the most conservative, producing the largest
alert areas. The latter characteristic is particularly appealing
for the early stages of TRUAA’s operation, where public
expectation and long-term performance are still unclear.
We conclude that LZ18 will produce the most reliable and

FIGURE 6 | PGA as a function of distance for (A) MW 3.9 in the eastern Mediterranean Sea, (B) MW 4.4 in north Israel, and (C) MW7.1 and (D) MW6.4 near
Ridgecrest California. Magnitudes and the number of data points are indicated at the bottom left corner of each panel. The GMPEs of LZ18, ASK14, CH09, and LZ18
with earthquake specific stress drop (LZ18Δτ) are indicated by red, black, blue and green curves, respectively. Average discrepancies (μ) and standard deviations to the
residuals (σ) are indicated in the legends.
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robust ground shaking predictions, which may be improved if
a real-time stress drop estimate is available.

CONCLUSION

The State of Israel’s TRUAA EEWS, along with its new real-
time seismic network, achieve state-of-the-art real-time
capabilities owing to the: 1) fast telemetry, 2) high station
density along the main fault systems, and 3) local
implementation of the EPIC algorithm. In this manuscript
we demonstrated that the real-time performance of the EPIC
EEW algorithm is in-line with the expected alert-delays and
source parameters error uncertainty. We evaluated the real-
time performance of TRUAA between May 5th, 2020 and
January 1st, 2021 using 41 events with catalog magnitude
range of (2.1 < Mw < 3.7) and found that all felt events within
the seismic network coverage led to accurate and timely alerts.
We found mean magnitude error of 0.38 (σ 0.28), median
location error of 5.08 km (σ 17.42 km) and median time errors
of 0.8 s (σ 5 s). These statistics are robust and similar to
previously reported values (Kurzon et al., 2020; Nof and
Kurzon, 2021). The suggested “evolutionary” alert has been
approved and alerts to limited areas will be provided for 4.2 ≥
Mw < 6. For Mw ≥ 6 a country-wide alert will be issued. We
note that the dataset used in this research lacks large
magnitude events and the seismic network is yet to be fully
completed. Thus, the performance statistics may change in the
future and further assessments would be required.

This alerting approach is expected to balance the need for
rapid alerts in the presence of high uncertainties, on the one
hand, and the desire to reduce alerts for areas with low ground
motions, on the other hand. This balance is achieved by setting
a lower alert magnitude threshold, and alerting to a radial
distance from the epicenter, where ground accelerations are

predicted to be higher than 2 cm/s2. This threshold may be
adjusted in the future, considering TRUAA’s performance and
public expectations, to provide more accurate and targeted
alerts. A comparison between three different GMPEs
concluded that the model-based GMPE of Lior and Ziv
(2018) produces the better agreements between predicted
median values and observed PGA. In addition, this GMPE
has the potential to be further adjusted by implementing real-
time stress-drop, a parameter that can be reliably determined
in real-time. Thus, the limited alert area is determined using
this GMPE.

A complementary essential component to EEWS is public
outreach, education and exercise of earthquake response (Allen
et al., 2009 and references therein; Santos-Reyes, 2019; Wald,
2020). These are critical for a successful EEWS, especially in areas
with low seismic activity, where public awareness is low, such as
in Israel, and should be addressed in the near future, as TRUAA
becomes fully operational.
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