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Abstract In this study, we examine the scientific feasi-
bility of an Earthquake Early Warning System in Teh-
ran, Iran, by the integration of the Tehran Disaster
Mitigation and Management Organization (TDMMO)
accelerometric network and the PRobabilistic and Evo-
lutionary early warning SysTem (PRESTo). To evaluate
the performance of the TDMMO-PRESTo system in
providing the reliable estimations of earthquake param-
eters and the available lead-times for The Metropolis of
Tehran, two different approaches were analyzed in this
work. The first approach was assessed by applying the
PRESTo algorithms on waveforms from 11 moderate
instrumental earthquakes that occurred in the vicinity of
Tehran during the period 2009-2020. Moreover, we
conducted a simulation analysis using synthetic wave-
forms of 10 large historical earthquakes that occurred in
the vicinity of Tehran. We demonstrated that the six
worst-case earthquake scenarios can be considered for
The Metropolis of Tehran, which are mostly related to
the historical and instrumental events that occurred in
the southern, eastern, and western parts of Tehran. Our
results indicate that the TDMMO-PRESTo system
could provide reliable and sufficient lead-times of about
1 to 15s and maximum lead-times of about 20s for civil
protection purposes in The Metropolis of Tehran.
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1 Introduction

Advances in earthquake detection and recent develop-
ments in sensor technology have made possible short-
term earthquake forecasting in the form of Earthquake
Early Warning System (EEWS). Nowadays, the popu-
lation growth and the concentration of infrastructure in
metropolitan areas have increased their vulnerability to
earthquakes. Thanks to EEWS, human losses and de-
structive effects of earthquakes may decrease. However,
adequate plans and proper training are required for the
population to be warned and to be able to react accord-
ingly. Therefore, one of the most efficient ways to
reduce the loss of life caused by a potentially destructive
earthquake in metropolitan areas such as Tehran is the
use of the EEWS.

The Iranian plateau is a wide zone of compressional
deformation along the active Alps-Himalayan seismic
belt, resulting from the convergence of the Eurasian and
Arabian plates. The Iranian plateau is one of the most
active seismic zones in the world (Tchalenko et al. 1974;
Jackson and McKenzie 1984). Part of deformation in the
Iranian plateau is taken up in the Alborz Mountain Belt,
which is located in the northern part of the Iranian
plateau. The Alborz Mountain Belt, with a length of
600km and a width of 100km, contains many active
faults with high potential for producing devastating
earthquakes (Berberian et al. 1983; Moinfar et al.
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1994; Berberian and Yeats 1999). Tehran, as the polit-
ical, commercial, and economic capital of Iran, is locat-
ed on the southern edge of the central Alborz Mountain
Belt.

Tehran hosts many active faults, including the Mosha
reverse fault, the North Tehran thrust fault, and the North
and the South Rey reverse faults (Fig. 1) (Berberian et al.
1983; Moinfar et al. 1994; Berberian and Yeats 1999).
Based on historical documents, the Mosha fault experi-
enced several large earthquakes during the historical
times (i.e., in 958 M=7.7, 1665 M=6.5, and 1830
M =7.1). The return period of these earthquakes is esti-
mated to be ~ 165 years and the last devastating historical
earthquake in Tehran region occurred in 1830 about
80km from Tehran; thus, more than 190 years have
passed since this event (Ambraseys and Melville 1982;
Berberian and Yeats 1999). In recent years, several mod-
erate events (4.0<M;<5.2) occurred in the study area due
to the activity of Mosha, Ray, and North Tehran faults.
The instrumental seismicity (from the catalog of Iranian
Seismological Center (IRSC)) and the historical seismic-
ity in the study area are listed in Tables 1 and 2
(Ambraseys and Melville 1982). Moinfar et al. (1994)
assumed that the Mosha fault may be the source of a
devastating earthquake in Tehran in the future. Recently,
a moderate earthquake occurred in Damavand region on
2020 May 07 (M, 5.0) (Table 1). The epicentral distance
from this earthquake to the eastern edge of Tehran is
estimated to be ~ 57km. The recent Damavand earth-
quake, which caused more than 50 aftershocks (M;<5.0),
apparently occurred on the Mosha fault.

The main aim of this study is to explore the feasibility
of an EEWS in Tehran, by the integration of the Tehran
Disaster Mitigation and Management Organization
(TDMMO) network (https://tdmmo.tehran.ir/) and the
PRobabilistic and Evolutionary early warning SysTem
(PRESTo) software system (Satriano et al. 2011). To
this purpose, we followed Picozzi et al. (2015a), and
evaluated this feasibility study by analyzing waveforms
from 11 moderate instrumental earthquakes that oc-
curred in the last decade in the vicinity of Tehran which
have been recorded by the TDMMO network. Further-
more, we followed Satriano et al. (2011) and Picozzi
et al. (2015b), and extended our analysis to larger areas
and conducted a simulation analysis using synthetic
waveforms of 10 large historical earthquakes that oc-
curred in the vicinity of Tehran. Then, we assessed the
performance of the TDMMO-PRESTo system by con-
sidering the 10 scenarios of historical earthquakes.
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2 Earthquake Early Warning System

EEWS is one of the modern and operational disci-
plines in seismology, which have experienced a wide
implementation in many countries, especially in the
active seismic regions. EEWS is able to detect and
screen earthquakes and provide a few seconds of
warning to target areas, before the arrival of the
destructive S- and surface waves (Satriano et al.
2010; Zollo et al. 2014). In recent years, a large
number of EEWS have been implemented or are
being tested in many countries. In general, the EEWS
may be (1) regional- or network-based, and (2) on-
site or station-based methods (Nakamura 1988). In a
regional EEWS, the dense seismic network is located
near the earthquake source area, where the targets are
far away from it. On the other hand, on-site EEWS is
based on the use of the initial portion of the P-wave,
where the target sites are near to the fault zones
(Nakamura 1988; Odaka et al. 2003; Satriano et al.
2010). The main difference between these two ap-
proaches is the lead-time (LT). The LT is the time
difference between the issue of the early warning
message and the arrival of the damaging waves for
a given site. Hence, the LT for the regional EEWS
can be relatively long, while the LT for the on-site
EEWS is quite short. Another key parameter defined
for EEWS is the blind zone (BZ). The BZ shows the
areas where no LT is available and no practical early
warning is possible due to the presence of destructive
waves (Zollo et al. 2014; Picozzi et al. 2015a).

In recent years, Zollo et al. (2010) implemented a
new probabilistic approach as a threshold-based meth-
od, by integrating regional and on-site approaches,
called the PRobabilistic and Evolutionary early warning
SysTem (PRESTo), in Southern Italy on the Irpinia
Seismic Network (ISNet). Furthermore, this integrated
approach has increased the accuracy of calculations,
especially in areas where the residential structures are
close to the active faults. PRESTo is an open source
software platform for EEW that continually processes
real-time streams of ground motion to detect the P-wave
arrival. PRESTo uses different algorithms to detect P-
wave arrival, estimate source parameters (event location
and magnitude), and predict the ground shaking by
using attenuation functions (see, e.g., Satriano et al.
2008; Zollo et al. 2009, 2010; Satriano et al. 2010,
2011; Colombelli et al. 2012; Zollo et al. 2014;
Picozzi et al. 2015a, b).
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Fig. 1 Map showing the location of instrumental earthquakes
with magnitudes between 4.0<M;<5.2 (blue circles) and instru-
mental earthquakes with magnitudes between 3.0<M;<4.0 (black
circles) during the period 2009-2020 (from the IRSC catalog),
historical earthquakes (green hexagons) (Ambraseys and Melville

3 Dataset

The TDMMO network was operated in Tehran region in
a collaboration with Japan International Cooperation
Agency (JICA) in 2009. This network consists of 14
strong motion stations with an average spacing of about

1982), and TDMMO network stations (black triangles) in the
Tehran region (brown shaded region). The black lines illustrate
the major faults. The yellow star represents the epicenter of the
2020 May 07 M;, 5.0 Damavand earthquake

30km between the stations, which are designed to
completely cover Tehran and its surroundings. It is
worth noting that 4 stations of the TDMMO network
are located in the active seismic areas in the vicinity of
Tehran with the aim of EEW, and other stations are
placed within The Metropolis of Tehran with the aim

Table 1 Location and origin time of the studied instrumental earthquakes from the IRSC catalog

Year Month Day Origin time Latitude (°) Longitude (°) Depth (km) Magnitude (M;)
2009 10 17 10:53:56 35.56 51.49 12.0 4.0
2010 01 20 05:20:07 35.79 52.85 35 42
2011 02 20 11:22:16 35.45 51.83 5.0 4.0
2014 08 16 23:55:57 35.96 52.29 12.0 4.0
2015 08 13 18:42:13 35.14 51.89 16.0 4.1
2015 08 25 17:36:33 35.55 52.61 9.4 4.6
2017 12 20 19:57:37 35.67 50.95 12.8 5.2
2017 12 26 21:24:34 35.67 50.94 14.9 42
2018 01 15 13:50:03 35.75 52.66 7.7 42
2018 04 01 18:26:21 35.56 52.41 9.2 4.1
2020 05 07 20:18:21 35.78 52.05 11 5.0
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Table 2 Location and date of the studied historical earthquakes (Ambraseys and Melville 1982)

Year Latitude (°) Longitude (°) Depth (km) Magnitude (M)
743 35.50 52.20 14 72
855 35.60 51.30 12 7.1
864 35.73 51.00 12 5.3
958 36.00 51.00 9 7.7
1665 35.70 51.01 10 6.5
1687 35.30 52.30 11 6.5
1809 35.30 52.20 12 6.5
1825 35.10 52.30 14 6.7
1830 35.80 52.28 8 7.1
1868 35.90 52.25 9 72

of casualty estimation. Data recording at the stations
within The Metropolis of Tehran is based on the use of
CMG-5T broadband accelerometer sensors owned by
Guralp Company. These sensors are equipped with GSL
CMG-DM24 digitizer and GSL CMG-EAM module.

In this study, we have considered 14 stations of the
TDMMO network that managed to record 11 moderate
instrumental earthquakes in the last decade. Figure 1
shows the distribution of the used stations of TDMMO
network and selected earthquakes. Thus, this study was
done only considering the technical and geometrical
specifications of the TDMMO network, assuming that
the hardware and software of the TDMMO network
would provide real-time access.

4 Methods

This study is based on two main approaches: (1) the
analyses based on instrumental seismicity (observed
data), and (2) the analyses based on historical seismicity
(synthetic data). First, we optimized and tuned all input
parameters implemented in PRESTo for the study area
including the algorithms used for estimations of location
and magnitude (e.g., the RTLoc and RTMag), the atten-
uation relationships, and crustal velocity model. To
achieve the goals of this study, we selected the crustal
velocity model developed by Abbassi et al. (2010) for
Tehran region (Table 3). After exhaustive tests, using
observed data, the empirical attenuation relationships
proposed by Nowroozi (2010) and Soghrat and
Ziyaeifar (2017) were adapted as the optimal model
for Tehran region. We also used the empirical
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attenuation relationship between log(Pd) and earthquake
parameters (hypocentral distance and magnitude) ob-
tained by Nazeri et al. (2017). Note that the IRSC
catalog reports the magnitude in the modified Nuttli
scale (My). Hence, we converted My to M; using the
equation proposed by Nazeri et al. (2017).

4.1 Analyses based on instrumental seismicity

The main strategy of the analyses based on observed
data is the use of 14 stations of TDMMO network for
EEW purposes. The performance of the system was
evaluated by applying the PRESTo algorithms on wave-
forms from 11 moderate instrumental earthquakes that
occurred in the vicinity of Tehran. Furthermore, the
efficiency of TDMMO-PRESTo EEWS was assessed
in providing the following parameters by considering
the network’s performance and using the first few sec-
onds of the arriving P-waves: (1) the estimation of
earthquake parameters (location and magnitude), (2)
the time needed to perform associated calculations (time

Table 3 The crustal velocity model used for our simulations with
Vp/Vs ratio approximately 1.73 (Abbassi et al. 2010)

Depth range (km) P-velocity (km/s) S-velocity (km/s)
0.0 5.6 33
2.0 5.4 3.1
3.0 5.8 34
7.0 6.1 3.5
16.0 6.3 3.1
24.0 6.4 3.6
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of the estimation), and (3) the distribution of LT and
radii of the BZ.

To this purpose, the validity and robustness of the
obtained results were assessed in two different cases: (1)
when the first estimation of location/magnitude is cal-
culated by TDMMO-PRESTo system, while only three
stations have been triggered, and (2) when the optimal
estimation of location/magnitude is calculated by
TDMMO-PRESTo system, while more than three sta-
tions have been triggered. According to our thorough
analyses, the optimal estimate of the parameters is con-
trolled by two major factors: (I) when the earthquake
location is estimated with an error in epicentral less than
10km, and (II) when the magnitude estimation is asso-
ciated with an uncertainty interval of less than +0.5
magnitude units. It is worth noting that the time of the
estimation (TE) is the seconds needed by the TDMMO-
PRESTo system for the first or optimal estimation of
location/magnitude by three and more than three trig-
gered stations, respectively. Note that the reference re-
sults for the location and magnitude estimates are taken
from the IRSC catalog.

4.2 Analyses based on historical seismicity

In order to extend our analysis to regions that have
experienced historical earthquakes, the performance of
the TDMMO-PRESTo system was assessed based on
synthetic simulations. Synthesis of seismograms was
calculated using Axitra software package, a numerical
code of Coutant (1989). To improve the accuracy of the
obtained results, the Axitra program was first optimized
by simulation of waveforms of the 2009 October 17 M
4.0 Rey earthquake, where we have observational sig-
nals at different stations as well as source parameters
obtained by Yaminifard et al. (2012). Then, playbacks
of the observed and synthetic waveforms were run
offline in PRESTo for 2009 October 17 M; 4.0 Rey
earthquake. Our analyses indicate that the location and
magnitude errors obtained from synthetic data are in
good agreement with running PRESTo playback on
observed data recorded by the TDMMO network. Fig-
ure 2 shows an example of a plot between observed and
synthetic signals for three components of D161 station
from the 2009 October 17 M; 4.0 Rey earthquake. Note
that there is a good agreement between the observed and
synthetic signals as shown in Fig. 2.

Then, the synthetic data were calculated for 10 large
historical earthquakes that occurred in the vicinity of

Tehran. Based on reliable documents, the only available
information from historical earthquakes are parameters
such as magnitude (M), location (latitude and longi-
tude), and depth with large uncertainty (Ambraseys and
Melville 1982). Due to the lack of near-field accelera-
tion records from historical and large instrumental earth-
quakes, we adopted the point source assumption for
historical earthquakes. Moreover, because most of the
EEWS software, including PRESTo, implicitly adopts
the point source assumption (Picozzi et al. 2015a), the
finite extent of the fault and rise time for large historical
events were not considered in this study. Finally, the
synthetic seismograms were calculated using seismic
moment (M) for a range of possible focal mechanisms
for the study area. Note that the M, was calculated using
the Purcaru and Berckhemer (1978) relationship.

E-W —f— Synthetic

5 - é +=+ Observed

Amplitude (counts)

N-S ; . Synthetic

= Observed

Amplitude (counts)

4 - ‘ Synthetic

Observed
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Time (s)

Fig. 2 An example of a plot between observed (black) and syn-
thetic signals (red) for three components of D161 station from the
2009 October 17 M; 4.0 Rey earthquake. The traces are started
from the origin time. The vertical axis shows the amplitude in units
of counts. All the synthetic signals are band-pass filtered between
0.1 and 4.0Hz
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Fig. 3 Results of the PRESTo
playbacks with TDMMO
network recordings of 11
moderate instrumental
earthquakes that occurred in the
last decade in the vicinity of
Tehran. a The location of
analyzed instrumental
earthquakes (blue circles), the
estimated location by TDMMO-
PRESTo system (red stars), the
epicenter of Damavand
earthquake (yellow star), and the
location of TDMMO network
stations (black triangles). b Error
in epicentral estimation by only
three triggered stations. ¢ Same as
Fig. 3b but by more than three
triggered stations. d Error in
magnitude estimation using only
three triggered stations. Mew is
the estimated magnitude by the
TDMMO-PRESTo system and
Mitrue is the real magnitude re-
ported by IRSC. e Same as Fig.
3d but by more than three
triggered stations. Seconds
needed by the TDMMO-PRESTo
system for the first (f) or optimal
estimation (g)
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Next, PRESTo algorithms were applied on the ob-
tained waveforms from 10 large historical earthquakes
that occurred in the vicinity of Tehran. Furthermore, the
performance of the TDMMO-PRESTo EEWS was
evaluated in providing the reliable estimations of earth-
quake parameters and distribution of LT for The Me-

tropolis of Tehran.
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4.3 The distribution of LT and BZ

The incorrect estimation of earthquake parameters is one
of the key factors that affect the performance of EEWS in
the reduction of earthquake casualties. The more accurate
the earthquake parameters’ estimations are, the longer the
estimated LT and the less the radii of the BZ would be.
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Table 4 The performance of the system based on observed data
for the studied instrumental earthquakes considering three and
more than three stations

Instrumental ~ Number of  Error of  Error of TE
earthquakes triggered location magnitude (s)
(year) stations (km) (unit)
2017-12-20 3 0.1 4
3 0.1 4
2017-12-26 3 16 0.0 10
6 0.2 11
2009-10-17 3 0.1 3
3 0.1 3
2011-02-20 3 45 1.4 8
7 1 0.2 11
2015-08-13 3 10 0.3 5
4 1 0.2 10
2018-04-01 3 15 0.3 16
10 1 0.2 20
2010-01-20 3 35 0.5 20
9 2 0.1 26
2014-08-16 3 35 1.5 16
5 3 0.2 17
2015-08-25 3 30 0.4 20
5 6 0.1 23
2018-01-15 3 40 1.2 20
10 5 0.2 26
2020-05-07 3 10 0.7 7

1 0.1 11

Since the BZ experiences mainly high shaking, if EEWS
is used correctly, there would be significant effects on
reducing the casualties and regional losses. The BZ de-
pends on the geometry of the network with respect to an
event, the telemetry (e.g., data latency), and associated
calculations. In PRESTo software platform, the BZ is
defined by the sum of three delays: (1) a delay time for
the first estimation of location and magnitude, (2) a delay
time for the telemetry and computation, and (3) a delay
time for issuing the first warning. Finally, multiplying the
sum of these three time delays by the average S-wave
velocity will determine the radii of the BZ (Picozzi et al.
2015a). In order to calculate the distribution of LT and the
radii of the BZ, we considered distribution of different
points as the target sites in the PRESTo settings within
and around The Metropolis of Tehran and calculated the
LT for each of these points accordingly.

5 Results

5.1 Performance of TDMMO-PRESTo on observed
data

Figure 3 demonstrates the overall performance of the
TDMMO-PRESTo system for the playbacks of observed
data from 11 moderate instrumental earthquakes that oc-
curred in the vicinity of Tehran (Fig. 3a). The results of the
performance are listed in Table 4, where three and more
than three stations are triggered. Proper density of seismic
stations is one of the key factors in determining the per-
formance of an EEWS. Therefore, there is a direct relation
between the number of stations and the accuracy of esti-
mation of earthquake parameters.

Figure 3b shows the performance of the TDMMO-
PRESTo system for only three triggered stations.
Concerning the first estimation of location, we observe
that for most of the analyzed earthquakes, the system
could not provide reliable results. However, Fig. 3c
indicates that the system, while relying on more than
three stations, provides accurate estimation of earth-
quake location with an error in epicentral less than
10km from the location provided in the IRSC catalog.

In Fig. 3d, we observe that the system in order to
estimate the first magnitude, while relying on only
three stations, provides reliable estimation of earth-
quake magnitude in 8 cases out of the 11 analyzed
earthquakes (i.e., 72%). Furthermore, Fig. 3e shows
that the TDMMO-PRESTo system, when more than
three stations are triggered, provides reliable estima-
tion of earthquake magnitude in all of the analyzed
earthquakes. Note that the estimation of earthquake
magnitude by the TDMMO-PRESTo system is only
reliable when associated with an uncertainty interval
of less than £0.5 magnitude units. Obviously as dem-
onstrated in Fig. 3f and g, the TE increases with
increase in the number of the triggered stations. Fur-
thermore, increasing the number of triggered stations
could decrease the estimated LT.

In Figs. 4 and 5, we present the comparison between
the distribution of the LT and the BZ for The Metropolis
of Tehran by considering the 11 scenarios of instrumen-
tal earthquakes and the TDMMO network configura-
tion. In the same figures, we observe that the TDMMO-
PRESTo system could provide sufficient LT of about 1
to 20s. Note that Fig. 5 is related to the 2020 May 07 M,
5.0 recent Damavand earthquake. We have to empha-
size that the calculated LT for The Metropolis of Tehran
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(a) 36°00"

Fig. 4 Distribution of the LT and
radii of the BZ for The Metropolis
of Tehran. The location of 10
instrumental earthquakes (blue
circles), the estimated location by
the TDMMO-PRESTo system
(red stars), the BZ (red area), and
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are based on optimal estimation of earthquake parame-
ters by the TDMMO-PRESTo system and varies for
each event, depending essentially on the network’s ge-
ometry and the quality of the data (Table 4).

5.2 Performance of TDMMO-PRESTo on synthetic
data

Figure 6 shows the results of the performance for the
analyses based on synthetic data by considering the 10
scenarios of historical earthquakes for The Metropolis
of Tehran (Fig. 6a). In Fig. 6b to g, we observe that

@ Springer

when only three triggered stations are used, the first
estimations of earthquake parameters are not reliable
because their corresponding uncertainties are large.
Moreover, in the case where more than three stations
are triggered, the system provides reliable estimations of
earthquake parameters. Therefore, in case of large
events, the TDMMO-PRESTo system could provide,
for most of the analyzed earthquakes, significant esti-
mations of the earthquakes’ location and magnitude
with an error in epicentral less than 10km and with an
uncertainty interval of less than +0.5 magnitude units,
respectively (Table 5).
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Fig. 5 Same as Fig. 4 but for the 36°00'
2020 May 07 M, 5.0 Damavand
earthquake

35°30'

51°00'

The analyses based on synthetic data demonstrated
that the TDMMO network is not dense and the number
of TDMMO network stations has a direct effect on the
TDMMO-PRESTo performance. However, in Fig. 7, we
observe that the system has a high potential to provide the
maximum reliable LT of about 15s for vulnerable areas of
Tehran.

6 Discussion

Most of available EEWS in the world are based on
regional or on-site approaches. Nowadays, the com-
bined use of both approaches has increased. The inte-
grated EEWS approach proposed by Zollo et al. (2010)
has been synthesized in the PRESTo software package
and successfully tested in Southern Italy (Picozzi et al.
2015a). TDMMO is one of the centers in Tehran that has
conducted numerous research studies on EEWS in re-
cent years. In this study, we tried to evaluate the feasi-
bility of an EEWS in Tehran, by integrating TDMMO
network and PRESTo software platform. Note that our
results were obtained by the offline run of the TDMMO-
PRESTo system and the time required for data telemetry
(data latency) was not considered.

The analyses of observed data suggest that due to
the network’s geometry (i.e., the number and distri-
bution of stations available at each event) and low
quality of the data, when only three stations are
triggered, the TDMMO-PRESTo system provides
reliable estimations of the earthquakes’ location and
magnitude only in 18% and 72% of the cases, respec-
tively (Fig. 3). However, we observed that the system

51°15' 51730 51°45' 52°00'

for the cases of three stations could provide fast and
reliable estimations of earthquake parameters in some
cases such as the 2017 December 20 M; 5.2 Malard
earthquake and the 2009 October 17 M; 4.0 Rey
earthquake. In other words, in these two events the
first estimation of location/magnitude was considered
the optimal estimation, while only three stations have
been triggered (Fig. 4a and c; Table 4). It is worth
noting that these two earthquakes were detected
quickly, since they were closer to the TDMMO net-
work. Furthermore, our results show that, when more
than three stations are used, the performance of the
system improves significantly while the obtained LT
are reduced.

Due to the lack of historical seismic records, we used
synthetic data of historical earthquakes to model the
effect of large earthquakes (M>6.0) on a potential
EEWS in Tehran. Note that we adapted the point source
model for large historical events to extend our feasibility
analyses to larger areas of Tehran. Even though the
point source assumption may not be an accurate as-
sumption for large historical events, we decided to use
the point source assumption to evaluate the TDMMO
network capability in providing the reliable estimations
of earthquake parameters and available LT for The
Metropolis of Tehran. The analyses of synthetic data
confirmed that for most of the analyzed historical earth-
quakes, the system could not provide reliable estima-
tions of earthquake parameters, using only three trig-
gered stations. However, the system provides an accu-
rate estimation of earthquake location and magnitude in
the case of the 855 M, 7.1 Ray earthquake, while relying
on only three stations (Fig. 6; Table 5). It is necessary to
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Fig. 6 Same as Fig. 3 but for 10 a)
large historical earthquakes that

occurred in the vicinity of Tehran
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note that the average epicentral distance of the instru- network, in addition to the lack of comprehensive infor-
mental and historical earthquakes to The Metropolis of mation about source parameters of large historical
Tehran is ~ 70 and ~ 90km, respectively. Therefore, events, poor distribution and low density of TDMMO
some problems such as relatively larger epicentral dis- network stations, low SNR, and event-station geometry,
tances of the historical earthquakes to the TDMMO can lead to great worsening of the results with three
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Table 5 Same as Table 4 but for the analyses based on synthetic
data

Historical Number of Error of Error of TE
earthquakes triggered location magnitude  (s)
(year) stations (km) (unit)
855 3 0.2
3 0.2
864 3 30 1.5
8 1 0.2 11
1665 3 40 0.5 8
6 2 0.3 13
958 3 10 1.2 7
8 2 0.0 11
1825 3 10 0.8 10
6 2 0.3 13
743 3 30 2.0 10
10 3 0.4 15
1687 3 40 14 3
9 6 0.2 17
1809 3 15 0.5 13
5 5 0.1 14
1830 3 50 2.0 13
8 2 04 15
1868 3 30 0.8 16
10 4 0.0 20

triggered stations. It is obvious that selection of the point
source model especially for large events and any errors
in modeling of synthetic data generation can lead to
incorrect estimations of earthquake parameters by the
TDMMO-PRESTo system. Note that with an increase
in the number of the triggered stations, as expected, the
performance of the system improves significantly (Fig.
6; Table 5).

With the obtained results, we found that the
TDMMO-PRESTo system, with the current number
and distribution of stations, may not be very useful for
EEW purposes and large earthquakes in some cases.
Moreover, the next goal of the TDMMO is to increase
the number of stations to more than 70 in the near future,
which in addition to increasing stations’ density will
improve the performance of the TDMMO-PRESTo sys-
tem in the event of a possible large earthquake in Teh-
ran. Since the historical and instrumental seismicity of
the study area is concentrated on the southern and east-
e parts of Tehran (Fig. 1), we suggest that these new
stations be installed and distributed in the vicinity of

Tehran, especially around the Mosha reverse fault, Rey
reverse faults, and North Tehran thrust fault, where the
occurrence of large earthquakes is imminent. Dense
distribution of stations, in the event of a possible devas-
tating earthquake, allows the network to detect the
earthquake quickly, and provides fast and reliable esti-
mation of its parameters using only three stations.
Therefore, the system will be able to provide more LT
to take protective measures before the destructive wave
arrives in the region of Tehran.

The overall statistics show that three categories of
earthquake scenarios can be considered for The Metrop-
olis of Tehran. The first scenario is related to the histor-
ical and instrumental earthquakes coming from the
south of Tehran. As for the first scenario, our results
show that the 2009 October 17 M; 4.0 and the 855 M,
7.1 Ray earthquakes are the worst-case earthquake sce-
narios for Tehran which occurred in the vicinity of Rey
reverse faults (Figs. 4c and 7a). In these two earth-
quakes, the TDMMO-PRESTo system provided reliable
LT of about 1 to 5s for northern and western parts of
Tehran. It is worth noting that these two earthquakes are
too close to Tehran in order to offer sufficiently large LT
to be useful for civil protection purposes in the southern
parts of Tehran. However, these obtained LT, as golden
seconds, are very useful for taking basic protective
measures in the northern and western parts of Tehran,
especially in The Metropolis of Karaj, which is situated
50km west of Tehran. Furthermore, in other earthquakes
that occurred in the vicinity of Parchin fault, the avail-
able LT obtained for all parts of Tehran were about 2 to
14s. It is necessary to note that the selection of the worst-
case earthquake scenario is based on an earthquake that
has the largest magnitude, the shortest distance, and the
minimum LT for The Metropolis of Tehran. We have to
emphasize that due to the lack of large instrumental
seismic records (M>6.0), the worst-case earthquake sce-
nario in these earthquakes has been selected only by
considering the factors of the shortest distance and the
minimum LT, and the factor of magnitude has not been
taken into account. It is obvious that in case of possible
instrumental earthquakes with larger magnitude in each
of the study areas, the worst-case earthquake scenario
will vary for The Metropolis of Tehran.

The second scenario is based on the earthquakes com-
ing from the east of Tehran. Figure 1 confirmed that the
east of Tehran hosts many historical and instrumental
earthquakes that occurred in the vicinity of Mosha reverse
fault. In this scenario, we observed that, for all of the
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analyzed earthquakes, the system could theoretically pro-
vide reliable LT of about 3 to 20s for all parts of Tehran.
Moreover, the 2020 May 07 M; 5.0 and the 743 M, 7.2
Damavand earthquakes were selected as the worst-case
earthquake scenarios for Tehran (Figs. 5 and 7j). Maxi-
mum LT of about 15s are inferred for these two earth-
quakes in the western parts of Tehran. The 2020 May 07
M; 5.0 Damavand earthquake is the latest moderate instru-
mental earthquake that occurred in the vicinity of Tehran,
which has increased the concerns about the possibility of a
devastating earthquake in Tehran.

@ Springer

The third scenario is related to the earthquakes com-
ing from the west of Tehran. It is worth noting that the
six historical and instrumental earthquakes have oc-
curred in the west of Tehran. The 2017 December 20
M; 5.2 and the 1665 M, 6.5 Malard earthquakes are the
worst-case earthquake scenarios for Tehran, because of
their location and LT (Figs. 4a and 7c). These two
earthquakes occurred in the vicinity of North Tehran
thrust fault, which have increased the vulnerability of
the western and northern parts of Tehran. In these two
worst-case earthquake scenarios, the LT of about 1 to 5s
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were estimated, which are very useful for taking neces-
sary actions, especially in the eastern parts of Tehran.

The Metropolis of Tehran is known to have high
potential for seismic activities, and hosts overpopula-
tion, high-rise buildings, many basic industries and in-
frastructures, many active faults, large gas-network, and
extensive subway lines of the region. It is difficult to
present a perfect list of advantages of EEWS in Tehran,
but these advantages clearly outweigh the costs. There-
fore, we believe that if the only advantage of the
TDMMO-PRESTo EEWS in Tehran is the automatic
shutdown of the gas-network and the prevention of fires
and secondary catastrophe damages of a possible dev-
astating earthquake, this system could play a key role in
the reduction of casualties and devastating losses. Due
to the expansion of subway lines in Tehran, another key
advantage of the system is the slowing down and stop-
ping of high-speed trains before the destructive wave
arrives in Tehran. Therefore, depending on the location
of the earthquakes, we will have different available LT
for The Metropolis of Tehran, which are golden seconds
for protective measures such as protection of critical
systems and public transportation systems, issuing
warnings to fire departments and municipalities, and
stopping airport operations.

7 Conclusions

In this work, by integrating the TDMMO network and
PRESTo software platform, we explored the feasibility
and potential of an EEWS in Tehran. In particular, we
assessed the performance of the TDMMO-PRESTo
system in providing the reliable estimations of earth-
quake parameters (location and magnitude), as well as
the available LT for The Metropolis of Tehran. In this
study, three categories of earthquake scenarios were
selected based on seismicity on four main active faults:
the Mosha reverse fault, the North Tehran thrust fault,
and the North and the South Ray reverse faults. Despite
the poor distribution of TDMMO network stations, low
SNR, and event-station geometry, for three categories of
earthquake scenarios, our results show that the
TDMMO-PRESTo system is able to provide sufficient
and reliable LT of about 1 to 15s and maximum LT of
about 20s for Tehran. When accompanied by prepara-
tion of a population, these available LT would be suffi-
cient to minimize the potential economic and humani-
tarian consequences of a devastating earthquake in

Tehran. Therefore, an EEWS could potentially assist
the population to find a safe place in the LT available
if infrastructures required are provided in Tehran.
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