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1. Introduction

An effective Earthquake Early Warning System (EEWS) has to provide accurate
estimates of the location and magnitude of an earthquake that has the potential to
cause destructive ground motions. All this must happen within a few seconds after
the first P-wave is detected by recording stations and before the arrival of strong S
and surface waves. The largest earthquake (Mw 7.3) of the past century in the
Zagros region (Iran) occurred on November 12, 2017 and was felt in several
neighbouring countries; nevertheless, no EEWS was operating in the region. In
this short article, an evolutionary real-time location estimation method (but
retrospectively examined in the current study) based on the combination of the
Voronoi diagram and Kalkan [1-3] algorithms has been used to simulate the
potential of an EEWS to estimate the Sarpol-e Zahab earthquake's hypocentre. The
employed algorithms use information on the successive triggering of stations by the
P wave, from the first station (for which the estimate has low accuracy) up to a
maximum of three stations (for which the estimate has acceptable accuracy). The
depth of the earthquake is then determined using the arrival time of the S wave.
The estimated hypocentre is in good agreement with offline reports by BHRC [4].
Moreover, an EEWS would ensure a meaningfil warning time. As the main finding of
the present study, for many locations and major cities, a time alert of more than 20 s
for strong shaking (macroseismic intensity VI or above) locations and many tens
of seconds for weaker shaking are estimated. Therefore, the establishment of an
EEWS should be encouraged to improve the resilience of this region of high
seismic hazard.

The establishment of an EEWS is a relatively communities, governments, businesses, and others
new concept for reducing earthquake risk and in- located at an appropriate distance to take timely
creasing resilience to seismic hazards, particularly  action to reduce the probability of harm. An EEWS
in urban regions [5]. An EEWS provides real-time  could help to reduce financial losses and mitigate
information about earthquakes, enabling individuals, injuries or death. These systems are currently
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operating in nine countries (USA, Japan, Mexico,
Romania, Turkey, Taiwan, South Korea, China and
India), and also are being tested for implementation
in many others [5]. No operational EEWS has yet
been implemented in Iran or neighbouring countries;
although, the concept of EEWS had been published
by a telegraph operator in a Persian newspaper in
1909 [6] and some past studies have demonstrated
the feasibility of EEWS in Iran [7-9].

EEWSs use the advantage of the much faster
propagation of electromagnetic waves as compared
to seismic waves to provide a short, but potentially
useful, warning time beyond the blind zone. In an
EEWS, seismic stations need to be located with
appropriate density in the area where destructive
earthquakes are likely to happen. Then shortly after
the devastating earthquake, estimates of the
earthquake's magnitude and location can be sent to
the sites likely to be affected by the earthquake
before the destructive seismic waves arrive. A
successful example is Japan's high-speed train
EEWS [10], which triggered, for example, in
October 2004 after detecting a magnitude 6.6
earthquake. The automatic brakes activated after a
short time and stopped a high-speed train, travelling
at around 200 km/h, before the strong shaking
arrived [11].

On November 12, 2017, an Mw 7.3 earthquake
occurred at 18:18:16 UTC (21:48:16 local time) in
Kermanshah county in Iran [12-13]. The earthquake
has been the largest event in the Zagros region since
the M 7.4 1909 Silakhor earthquake [13]. 109 sta-
tions (with SSA-2 and CMGS5TD instruments) of the
Iran Strong-Motion Network operated by BHRC
(Figure 1) recorded strong ground motions from
this earthquake in Iran's western and central prov-
inces [4]. A maximum peak ground acceleration
(based on unprocessed data) of 0.7 g was recorded
at the Sarpol station [13]. The earthquake shaking
was felt in many different countries, including Iran,
Iraq, Syria, Saudi Arabia, Armenia, Jordan, Egypt,
Qatar, Bahrain, the United Arab Emirates and
Turkey (see Figure 2). The distribution of the
Modified Mercalli Intensity (MMI), reported by the
USGS [14],1is shown in Figure (2). MMI equal to or
greater than V (moderate shaking) was observed
as far as 100 km from the earthquake's epicentre.
The widespread occurrence of high MMI intensities
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Figure 1. Stations that recorded ground accelerations of the
Mw 7.3 Sarpol-e Zahab, Iran-Iraq Earthquake. The right colour
bar indicates the level of recorded PGA in each station.
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Figure 2. MMI isoseismal map based on USGS data for the
Mw 7.3 Sarpol-e Zahab, Iran-Iraq Border Earthquake [14].

in several neighbouring countries suggests that
establishing an EEWS in the region would be
beneficial.

As real-time estimation of an earthquake's
epicentre and depth play a crucial role in a well-
designed EEWS, in this short article, we investigate
whether the current seismic network could provide
sufficient warning times for the region. We believe
that this is the first time that such a study has been
made for the considered region. In the next section,
a real-time framework (but retrospectively demon-
strated in this study) for the estimation of the
epicentre and depth is introduced by using wave-
forms from the first stations that recorded the
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earthquake. Subsequently, a hypothetical EEWS in
the region is proposed, and warning times are
estimated. Finally, some practical conclusions are
drawn.

2. Earthquake Location Estimation

Many researchers have proposed real-time
techniques to estimate earthquake locations. For
example, Anderson [15] proposed an algorithm for
the real-time location of earthquakes based on the
sequence of station arrival times. Kanamori [16]
proposed a real-time location algorithm using the
attenuation of seismic amplitudes; however, this
algorithm has not been used for a real-time EEWS.
The "Master Station" theory was proposed by
Zhou [17], which was a major advance, and this
method has been used in many subsequent studies.
Other methods include the "B-A" model proposed
by Odaka et al. [18], which is applied in the EEWS
of Japan and has been studied for an EEWS in
Iran [8]. The concept of "Two-Station Subarray”
proposed by Rydelek and Pijol [19] is also consi-
dered for EEW. They believe that a highly accurate
result is not as important as the speed of processing.
The "not-yet arrival" method proposed by Horiuchi
et al. [20] is unique since this method makes full use
of the information received by the stations and
uses those stations that have not yet been triggered
to determine the location of the earthquake.
Satriano et al. [21] used Horiuchi's method and
combined it with a probability density function to
indicate the spot of maximum probability as the
epicentre. Ma [22] conducted studies on EEWS
location methods, including the Voronoi diagram,
Delaunay triangulation, station azimuth, and two-
station hyperbolic method.

The speed and accuracy of the earthquake
location method directly impact the success of any
employed EEWS. In Japan, for example, several
seismic and geodetic sensors were installed in the
Pacific Ocean to allow an earlier and more accurate
detection of strong offshore events [23]. There will
always be a compromise between the number of
stations considered, the chance of a false alarm and
the length of the warning time. For example,
Grasso et al. [24] showed that the error in mag-
nitude estimation is 0.7 units when only one station
is used. This error can be decreased to 0.6, 0.45
or 0.35 units when three, five or ten stations are
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considered [25]. The more recording stations are
used for an EEWS, the shorter the warning time
and the wider the blind zone of the EEWS will be.
Hence, the use of a precise, fast, fixed, and reliable
(real-time) location method is required for this
purpose. In the current study, a method based on
the Voronoi diagram [26] is employed. The con-
tinuous evolution of the earth-quake location
estimate is determined by gradually reducing the
area using information on which stations have
observed a P wave. First, we divide the area of the
seismic network into subdivisions using the Voronoi
diagram method (see Figure 3a), and then we go
through the steps described in the following section.
It should be noted that, in the present study, the
S-wave velocity and the average Vp /Vs ratio for
the study region are, respectively, assumed to be
3.6 km/s and 1.8 [27-28]. Therefore, the P-wave
velocity is considered equal to 6.3 km/s.

2.1. Locating the Epicentre Considering the First
Station to Receive the P Wave

To meet the requirements of an EEWS, accurate
information on the operational status of the stations
is required. In such a way, the abnormal/non-
operational stations are identified and eliminated in
advance. Then according to the available operational
stations, we draw the Voronoi diagram (Figure 3b).
However, feeding real-time data into an operational
EEWS platform is always a challenging task. In this
case, each station has its subdivision. Figure (3b)
shows the seismic network in the region of the
Sarpol-e Zahab earthquake. If each station is opera-
tional (no station is offline nor broken), then the
control area of each station in this network is
divided into smaller areas using the Voronoi sub-
division. The boundaries are vertical perpendicular
lines between the two adjacent stations, as marked
in Figure (3b). When the first station within this
network observes the P wave (t,,) (the black
triangle in Figure 3b), the epicentre can only be
located inside that station's subdivision.

In Figure (3b), (x,y), (x4, ¥5), and (x4,, ¥s,)
are the actual epicentre (unknown), the coordinates
of the first triggered station (known), and the
coordinates of the second triggered station (known),
respectively. The earthquake depth, h, is estimated
as the average depth of earthquakes with a mag-
nitude greater than 3 in the study region in the
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Figure 3. (a) The blue circles show available stations, and red star is the offline determined epicentre (the point of com-
parison) and the blue lines are corresponding to Voronoi subdivisions in the Sarpol-e Zahab region. The black triangle is the
first station that received the P-wave, and the corresponding subdivision polygon is shown by black dash lines; (b) (x, y, h)
represents the coordinates of the measured hypocentre, (xg,, Xg,) shows the coordinates of the first station that detected
the P-wave, and (x,,, Yg,) is the coordinates of the second station where the P-wave was recorded. After the second station
triggers, the boundary line of the first and second stations begins to bend and shrink toward the first station using Equation (1),
as shown by dashed lines hyperbolics; (c) the second station has been triggered and the borderline of the first and the second
stations has been considered as an indicator to determine the location of the earthquake. The boundary line has been converted to
a hyperbolic curve by using Equation (1), and the time lag between the P-wave arrival to the first and the second stations. The
estimated location of the earthquake is located somewhere at a point on this hyperbolic curve; (d) the first and the third stations'
borderline is considered as the indicator to determine the location of the earthquake. This boundary line is converted to a hyperbolic
curve (dashed line) using Equation (1) and the time lag between stations 1 and 3 and (e) Sarpol-e Zahab earthquake location using
the first three stations receiving the P-wave, and the comparison with the BHRC coordinates.

years 1995-2019, which is equal to 10 km (for this
purpose, IRSC [29] data has been used, last accessed
14/12/2019). As seen in Figure (3b), the two dashed
line hyperbolics (Voronoi subsurface boundary) are
tilted toward the first station, which was calculated
by Equation (1), using different values of A¢[26].

difference in P-picking between the two stations).

2.2. Locating the Epicentre Considering the First
two Stations to Receive the P Wave

After the P wave is observed at the second
station, the epicentre is somewhere between the first
and second stations. In addition, by taking into
account the information we obtained from the
(1 previous step, that the location of the earthquake is
inside the subdivision polygon of the first station, it

\/(X — X)) (¥ —ys,) + 0 -

Jx = x4 (y - yg)* + b =V, At

where V, and At indicate, respectively, the velocity
of the P-wave and the P-wave time travel to reach
the second station from the first station (the

4

is concluded that the epicentre is in the area
between the first station and the boundary between
the first and second stations. The exact epicentre can
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be determined by the time difference of the P wave
reaching the first and second stations. In this way,
the first and the second stations' boundary is con-
sidered as an indicator, from which the epicentre
can be estimated, as seen in Figure (3¢). Then, to
achieve a more accurate estimate, the boundary
between the first and the second stations is con-
verted to a hyperbolic tilted toward the first station
—t,) using
Equation (1) as seen in Figure (3c). In other words,

with the time interval (At =t,,

it means that the epicentre is located at a point on
this hyperbolic curve.

2.3. Locating the Epicentre with the First Three
Stations to Receive the P Wave

A third station is needed to determine an accurate
epicentre. As seen in Figure (3d), after triggering
the third station, the steps in the previous section
are repeated, this time for the first and the third
stations. Similar to the previous step, the boundary
for the first and the third stations is considered the
second indicator line, as shown in Figure (3d).
Then, the time interval between the P-wave arrival
from the first station to the third station is calcul-
ated, At,=t,,
these two stations is converted to a hyperbolic

—t,,. Then the boundary between

curve, which tilts toward the first station, by using
Equation (1). Eventually, the two hyperbolae
intersect at least once, considering the earthquake's
estimated epicentre, as seen in Figure (3d). It is
worth mentioning that a local coordinate system is
used to obtain the epicentre (see also [26]).

Using the first three stations to receive the
P-wave, an epicentre of 34.809 N and 45.915 E was
obtained, as shown in Figure (3e). This is only
0.5 km from the location reported by the BHRC [4],
i.e. 34.81N and 45.91E. As seen in Table (1), this
indicates the high accuracy of the method used
here for real-time application. However, the relia-
bility of the applied method needs to be investigated
in other severe earthquakes and also by considering
different sources of uncertainties. Besides, one of
the drawbacks of this method is the lack of an
accurate estimate of the epicentre for earthquakes
that occur outside the Voronoi network. In this case,
the more distant the epicentre, the larger the error
will be. Of course, this can be effectively solved
by accurately identifying the location of geological
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Table 1. The coordinates of the epicentre and depth announced
by various institutions as well as the results of the current study
for the Sarpol-e Zahab earthquake.

Reference Depth  Longitude Latitude
BHRC 18 4591 34.81
IGTU! 18.1 45.76 34.77
NEIC? 19 45.95 34.91
The Present Study 18.14 45915 34.809

1. Institute of Geophysics, Tehran University
2. National Earthquake Information Center

faults, and by optimising and installing extra record-
ing stations.

3. Estimating the Hypocentral Depth (h)

In determining the location of an earthquake,
especially within an EEWS, estimating the focal
depth is particularly important since it significantly
impacts the severity of an earthquake. The severity
directly impacts the decision of whether to trigger a
warning or not (and potentially leading to a false
alarm). To estimate the depth in an EEWS, we need
to know more than what was required to determine
the epicentre of the earthquake. This additional
information can either be due to the arrival of the
P wave at a fourth station (4P condition) or the
arrival of the S wave at the first station (3P1S con-
dition) [26]. This second condition is used here for
further investigations. Equation (2) shows the
relationship for the focal length of the first station.
This equation is highly dependent on the velocity of
the S and P waves and the time it takes to reach the
first station [26].

A7
h _ﬁ(tw ~tp) )

V, and V, are, respectively, the velocity of the
S-wave and P-wave. It is necessary to have in-
formation about the arrival times of the S and P
waves to solve Equation (2). Therefore, the
algorithm introduced by Kalkan [1-3] and its
supplemental MATLAB file has been used to pick
the arrival times of the P and S phases automatically.
For better detection, the arrival time of the P-wave
is extracted from the vertical component of the
acceleration record (Z component), in which the
P-wave is more energetic, and the arrival time of the
S-wave is extracted from the horizontal component
of the acceleration record (E component), where the
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S wave is more energetic. As seen in Figure (4), for
the first station, the P arrival time is 14.73 s and the
S arrival time is 19.90 s.

Equation (3) is used to calculate the earthquake's
depth, h, in kilometres. In this equation, depth is a
function of the hypocentral distance from the first
station. The distance of the first station to the epi-
centre can be calculated using the estimated
location from the previous steps and the availability
of its coordinates (A’). The focal depth is calculated
through Equation (3):

A 3)

By using Equation (3), the earthquake depth was
estimated as 18.14 km. As a result, the earthquake
hypocentre was calculated, using the first three
stations receiving the P-wave and the first station
receiving the S-wave. Table (1) shows the results
obtained from this method with the locations
announced by different institutions.

It is worth mentioning that we have decided to
use two criteria to trigger/not-trigger the alert:
(1) the recorded PGA corresponding to the S-wave
arrival (it is equal to 0.09 g in Figure (4) in the
present study) is equal or greater than 0.05 g, which

roughly corresponds to macroseismic intensity V[30]
(a reasonable engineering judgement for initiation
of structural damage) and (2) the estimated depth is
less than 50 km. These two simple criteria ensure
that non-destructive motions do not trigger the EEWS.

4. Possibility of a Hypothetical EEWS in the
Region

The potential benefit of establishing an EEWS
in this region is investigated in this section by
assessing the potential warning times provided by a
hypothetical system based on the existing seismic
network. The resulting warnings could be used for
both people and automated systems to improve the
risk management as well as the resilience of
societies [31]. The end-user mitigation actions could
include warning people to move to a safer location
and more sophisticated measures like automatic
braking of high-speed trains. These actions could
also include shutting down fuel pipelines to avoid
fires and reduce potential damage to industrial
operations, which is crucial for industries dealing
with dangerous substances (e.g. oil refining), with
possible disastrous secondary damage to the
environment. Such industries are common in this
region of great hydrocarbon resources.
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Figure 4. The arrival time of the P-wave from the vertical component of the acceleration record (Z component) is equal to
14.73 seconds, and the arrival time of the S-wave from the horizontal component of the acceleration record (E component) is

equal to 19.90 seconds (the first station record) [1-3].
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The P and S wave velocities from the crustal
structure model of Abbassi et al. [32] for this region
are used, and a constant 4s processing and warning
lag time is assumed [33-34]. The wave travel time
for each distance is calculated based on the P and S
wave velocities and the depths of each crustal layer.

A hypothetical EEWS is assumed in the study
region, and the data from the four nearest recording
stations to the epicentre are taken into consideration.
The current study estimates how much warning time
would be available if such a system existed in the
region. For this purpose, the warning times are
calculated using Equation (4) [35]:

At =
2 2 2 2
\/(EUscr +z ) \/(EScnsor tz ) (4)
- ~ Ydecision ~ “transmission
Vs \4 P

and E,__ are

Sensor User

where At is the warning time, E
the epicentral distances of the first detection site
and of the user's location, respectively. Z is the
focal depth of the earthquake (in km) and v, and v,
are the P and S-wave average velocity (in km/s),
and ¢
times taking into account the time needed for data

respectively. t are two additional

decision transmission

processing and that for data transmission (in s).
(1 s in this study) is more related to

transmission

technological limitations while the decision time
(3 s in this study) is related to how sure the decision-
maker wants to be of the earthquake's destructivity
[35]. It is worth mentioning that the alarm is
triggered when at least four stations detect the P
wave to minimise potential false alarms. In this
study, to obtain more realistic warning times, a 1D
velocity model [32] is used to compute the travel
time in each layer. The time of arrival of the wave
from the hypocentre at the considered location is
obtained by adding the travel time in each layer.

The observed MMI and the closest available
recorded PGA, both versus the estimated warning
time using this approach, are shown, respectively, in
Figure (5) top and bottom, which indicate that, for
example, 20 s of warning time is often available for
locations where the observed MMI was VI, which
corresponds to the strong shaking and the onset of
damage. As seen in Figure (6), the warning times
provided for the neighbouring counties in Iran,
including the capital, Tehran, and the adjacent
countries, Turkey and Iraq, are also significant. The
warning time is about 21 s in Kermanshah and
Sanandaj cities, and it increases up to 131 s in the
case of the Tehran metropolitan area. These
warning times are reasonable for emergency actions
for an earthquake-resilient society.
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Figure 5. (a) MMI versus estimated warning time and (b) the closest available recorded PGA versus estimated warning time, for

major cities in Figure (6).
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5. Conclusions

In the present article, the continuous evolution of
the Voronoi method has been employed by gradually
reducing the area around the first triggering station
to locate the Sarpol-e Zahab earthquake, which
occurred near the Iraqg-Iran border. The real-time
epicentre for the Sarpol-e Zahab earthquake, by
using only the first three stations, has been estimated
at only 0.5 km from that obtained using a more
advanced, offline method and more data. This
indicates the high accuracy of the employed method
to locate the epicentre in a real-time framework,
making it a promising approach for EEW.

Furthermore, the depth of the Sarpol-e Zahab
earthquake is estimated using the algorithm introduced
by Kalkan [1-3] to determine the arrival times of the
P and S seismic phases. As a result, the earthquake
depth was estimated, using the first three stations
receiving the P-wave and the first station receiving
the S-wave. A difference of only 0.1 km from offline
calculations was observed.

Finally, a hypothetical EEWS in the western
region of Iran was proposed. The recorded data
from the Sarpol-e Zahab earthquake was used to test
the applicability of this hypothetical EEWS. The
possible warning times for locations in Iran and the
neighbour counties of Iraq and Turkey were estimated
using a regional crustal structural model and realistic
lag times. The results show that the warning times
varied between 17 s and 128 s for the main cities in
the region. The results also show the benefit of
establishing an appropriate early warning system in
the region to increase social resilience to earthquakes,
despite the inherent uncertainties, which need
further research. We believe that the present study
adds to the already available technical knowledge on
EEW for the study region. The multi-national issues
of warning remain challenging to address, and, as is
often the case, these are made worse by politics. It is
a national security risk to warn another nation of an
imminent natural disaster, especially given the
negative consequences due to a potential false alarm.

Finally, it is worth emphasising that the proposed
approach has revealed promising results, at least
for the given case study with the pre-mentioned
assumptions. However, more investigation is
necessary for other severe earthquakes with
different characteristics. In addition, several other

JSEE / Wol. 22, No. 3, 2020

aspects should be considered for a holistic EEWS,
e.g. distinguishing noisy recorded waveforms and
waveforms from distant stations.
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