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Abstract

The main goal of present study is to test the functionality of an earthquake early warning (EEW) system (a life-saving tool),
in India using synthesized data and recorded earthquake data from Taiwan. In recent time, India set up an EEW system in the
central seismic gap along the Himalayan Belt, consisting of about 100 low-cost P-Alert instruments. The area, where these
instruments are installed, is highly sensitive to the seismic risk with the potential of strong, major and great earthquakes.
In the absence of recorded data from the Himalayas required for analysis of such system, we take advantage of recorded
waveforms from Taiwan, to test the EEW system. We selected Taiwanese stations in good accordance with the Indian sen-
sor network, to have a best fit in terms of inter station spacing. Finally, the recorded waveforms are passed through Earth-
worm software using tankplayer module. The system performs very well in terms of earthquake detection, P-wave picking,
earthquake magnitude and location (using previously estimated regressions). P4 algorithm has been tested where the peak
amplitude of vertical displacement is used for estimating magnitudes using previously regressed empirical relationship data.
For the earthquakes located between Main Boundary Thrust and Main Central Thrust along with a matching instrumentation
window, a good estimate of location, as well as magnitude is observed. The approach based on P, for estimating magnitude
works perfectly as compared to 7. approach, which is more sensitive to signal-to-noise ratio. To make it more region specific,
we generated synthetic seismograms from the epicenters of historical Chamoli (1999) and Uttarkashi (1991) earthquakes at
EEW stations in India and checked the functionality of EEW. While placing these earthquakes within the instrumentation
window, a good approximation of earthquake location and magnitude is obtained by passing these generated waveforms. The
parameters used to judge the performance of EEW system included the time taken by the system in issuing warning after
the confirmation of the occurrence of damaging earthquake and the lead time (time interval between the issuing of warn-
ing and arrival of damaging earthquake ground motion at a particular location). High lead times have been obtained for the
plainer regions including thickly populated regions of Gangetic plains, such as Delhi National Capital Region according to
the distance from the epicenter, which are the main target of EEW system.

Keywords Central seismic gap (CSG) - Earthquake early warning (EEW) - Earthworm software - NCR - Vertical
displacement P,
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and processing speed at the central seismic station.

Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan

Department of Earthquake Engineering, Indian Institute
of Technology, Roorkee, India

5 Risk Modeling and Insurance, RMSI, Noida, India

@ Springer


http://orcid.org/0000-0001-8836-2919
http://crossmark.crossref.org/dialog/?doi=10.1007/s11600-018-0210-6&domain=pdf

60

Acta Geophysica (2019) 67:59-75

The basic concept of EEW relies on identifying the
early portion of earthquakes in movement and issuing
a warning to surrounding population areas, well ahead
before the occurrence of damaging ground shaking (Wu
and Kanamori 2005b). There are two types of EEW algo-
rithms, namely on-site and regional, and each of them uses
data from the nearby stations to accurately estimate the
shaking intensity of an event from early portion of the
wave. On-site or local warning approach takes advantage
of the fast propagating P waves, which moves at much
higher speed than the S-waves carrying more energy.
As soon as the first P wave is observed, it is analyzed to
determine the expected intensity of the earthquake and
if found to be potentially dangerous, a warning is issued.
On the other hand, regional or network-based early warn-
ing system uses data from a seismic network next to the
epicenter area to rapidly detect and locate an earthquake,
determine its magnitude and predict the ground motion at
distant places.

During last three decades, there has been tremendous
growth concerning installation and functioning of EEW in
different part of the world. EEW is working successfully in
countries like Japan (Nakamura 1988; Hoshiba et al. 2008;
Kamigaichi et al. 2009; Brown et al. 2011), Taiwan (Wu
and Zhao 2006; Hsiao et al. 2009; Wu et al. 2018), Mexico
(Espinosa-Aranda et al. 2009), Romania (Wenzel et al. 1999;
Bose et al. 2007; Ionescu et al. 2007) and around Anatolia
(Erdik et al. 2003; Alcik et al. 2009; Legendre et al. 2017).
EEW system of Mexico utilizes the peak ground motion
(PGM), to issue a 60 s or more warning to the public in
Mexico City (around 300 km away) from an earthquake
occurring near the Guerrero Gap subduction zone (Espinosa-
Aranda et al. 1995). This system provided Mexico City an
early warning time of about a minute in the very recent two
major magnitude earthquakes of September 8, 2017 (M 8.1)
and September 19, 2017 (M 7.1), which focused the atten-
tion of the entire community on the dangers of major and
great earthquakes, thanks to Mexico’s effective EEW sys-
tem, which has reduced the significant number of causalities.

Depending upon the location of occurrence of the earth-
quake, the warning time in Japan may range from a few
seconds to 40 s. Taiwan provides warning alert to authorities
and in recent time to the public (Wu 2015; Chen et al. 2015;
Wu et al. 2016). In some countries, EEW is under develop-
ment or testing stage like California (Allen and Kanamori
2003; Allen et al. 2009; Bose et al. 2009; Brown et al. 2011),
Southwest Iberia (Pazos et al. 2015; Petit et al. 2016), South-
ern Italy (Zollo et al. 2006, 2009), Switzerland (Cua and
Heaton 2007) and India (Kumar et al. 2014). A lot of studies
have been carried out using regional EEW approach (Allen
and Kanamori 2003; Kanamori 2005; Wu and Kanamori
2005a, b, 2008; Wu et al. 2006, 2007; Yamada and Heaton
2008; Satriano et al. 2011; Carranza et al. 2013).
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The performance of EEW system is judged according to
the time taken by the system in issuing warning after the
confirmation of the occurrence of damaging earthquake and
the lead time (time interval between the issuing of warn-
ing and arrival of damaging earthquake ground motion at a
particular location). This lead time varies from a couple of
seconds to tens of second at different locations according
to the distance from the epicenter. Areas in India covered
under severe seismic hazard are the Himalayan Belt in the
north from Kashmir to Manipur, Gujarat in the west and
Andaman & Nicobar Islands in the southeast. The great
Himalaya is formed because of continuing collision between
Indian and Eurasian plates (Legendre et al. 2015a, b). Not
so frequent, but earthquakes of varying magnitudes keep
on occurring along the Himalayan Belt. Some large mag-
nitude earthquakes are documented along the Himalayan
Belt in last 200 years (Fig. 1). Whereas the western part
experienced earthquakes in 2005, 1905, the eastern part
experienced 1833, 1934, 1950 and 2015 earthquakes, for
almost last 65 years, no big earthquake occurred along this
belt, though it has the potential to generate some bigger one.
Such segments, which are considered the future locale of
major and great earthquakes, are referred as seismic gaps.
One such kind of seismic gap is the central seismic gap
(CSG), which lies between the eastern edge of the 1905
rupture zone and the western edge of the 1934 earthquake
(Fig. 1); where no major earthquake occurred for last more
than 100 years (Bilham 1995). Khattri (1999) predicted the
probability of happening of a great earthquake in CSG to
be 0.59 in the next 100 years. Various seismic hazard exer-
cises have already given high probabilities of occurrence of
damaging earthquakes in northern Indian region (Sharma
and Lindolhm 2012; Sharma 2003). Some lower magnitude
earthquakes occurred in CSG in 1803 and 1833 (Seeber and
Armbruster 1981), but were not gap filling as the magnitude
for both of these events was less than 8 (Khattri 1999; Bil-
ham 1995). However, in recent time, an earthquake with M,
7.9 occurred in the central Nepal region, but this earthquake
also occurred out of CSG. A major/great earthquake in the
CSG is likely to cause colossal loss of life and property, as
the areas in the Himalayan foothills and plains in northern
India are highly populated with the majority of the build-
ings as non-engineered (Wyss et al. 2017). This accentuates
the need for the realistic assessment of ground motion from
future earthquakes in the CSG. Taking into consideration
the lead time, northern India can utilize EEW in a practical
way, where damaging earthquake sources lie in the Himala-
yan region, while densely populated areas, as well as indus-
trial hubs, are located in the Himalayan foothills and plains
far away from source zone. Even few seconds warning is
useful as it will be sufficient for shutting down of nuclear
power plants (Gupta 2000), gas pipelines, slowing down of
the high-speed trains and metro rails and most importantly
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Fig. 1 Location map of Indian 72°

Himalayas. Main prominent
thrusts, namely Main Central
Thrust (MCT), Main Boundary
Thrust (MBT) and Main Hima-
layan Thrusts (MHT) are plotted
in the figure. Greater magnitude
historical earthquakes occurred
along Himalayan arc are plot- 32°
ted. Central seismic gap (CSG)
marked between the 1905
Kangra earthquake and the 1934
Nepal Bihar earthquake is the
future locale of greater magni-
tude earthquake (Khattri 1999)
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saving precious lives as people can move to safer or nearly
safer place (Bhardwaj et al. 2016). A further larger early
warning period can be useful for coming out of unsafe and
high-rise buildings. For earthquake disaster mitigation,
a successful EEW system can be the keystone. In present
work, the performance of EEW in northwest Himalaya is
discussed using earthquake recorded ground motion data
from Taiwan and synthetic waveforms.

Instrumentation

Department of Earthquake Engineering (DEQ), Indian Insti-
tute of Technology, Roorkee (IITR), in support of Ministry
of Earth Sciences (MoES), India, initiated an EEW system
along the Himalayan Belt in India. Under this project, about
100 instruments are installed in a specified window in CSG
(Fig. 2). In general, the distance between the stations is kept
to be 15-20 km. It is in accordance with ElarmS guide-
lines (Allen et al. 2009), which states that for an ideal EEW
in operation, the general spacing between the instruments
should be less than 20 km. However, due to the presence of
various faults along the Himalayan Belt, this spacing should
be further reduced for an effective EEW. As the Himala-
yan Belt is very large and Indian government plan to install
EEW system along the whole Himalayan Belt in future, tra-
ditional force-balanced accelerometers (FBAs) may not be
an efficient choice because of financial implications. Instead,
a low-cost microelectromechanical system (MEMS)-based
seismic network will be a better choice for EEW in India.
The P-Alert is a P-wave detecting device, devised by
National Taiwan University (NTU) research team in collabo-
ration with some private organization. It is a tiny and low-cost
sensor with MEMS technology embedded inside. The cost

of P-Alert is much lesser than the usual FBAs. The system
is designed to record three-component data stream along X,
y and z directions. The signal resolution is 16 bits with+2 g
dynamic range. The real-time data from P-Alert are transmit-
ted after every second through the internet. In addition, this
instrument has P, technology embedded inside to work as an
on-site warning system. Since P-Alert works in continuous
mode, the data in each of the instruments in the field are pro-
cessed for P-wave detection and is continuously double inte-
grated for estimating the peak amplitude of displacement, P
(Wu and Kanamori 2005b). Once the captured signal exceeds
predefined thresholds (P, larger than 0.35 cm based on previ-
ous regressions) or PGA larger than 80 gals, the P-Alert device
begins sending an alert with a warning sound for on-site EEW
purposes (Kanamori 2005; Wu and Kanamori 2005a, b; Wu
etal. 2011, 2013).

In addition, P-Alert can be used as a regional EEW sys-
tem (Kanamori 2005; Wu and Kanamori 2005a) through the
Internet. The P-Alert EEW system results in Taiwan have been
reported several times (Wu et al. 2013), but for Indian region
no such types of effective alerts are available currently. Fig-
ure 2 shows the EEW P-Alert network in India along with
some of the main faults responsible for seismicity in the Hima-
layas. The data stream from each field instrument is transferred
continuously to the central processing system (NTU in Taiwan
and IITR in India). The data at the central seismic station are
processed and stored within the Earthworm system (an open
source software) developed by the US Geological Survey
(Johnson et al. 1995; Chen et al. 2015).
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Fig.2 Map showing the
location of earthquake early
warning systems (EEWS)
deployed by Indian Institute

of Technology, Roorkee. Main
thrusts like MCT, MBT, MFT
and other faults are also plotted.
This EEWS may be beneficial
regionally for cities lying in
plain especially Delhi National
Capital Region (NCR), about
250-300 km away from Hima-
layan range
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Coordinates mapping

The geodetic coordinates (latitude and longitude) of sta-
tions from Taiwan window are mapped into Indian window
for checking the functionality of EEW system in Indian
region. Before making use of the data recorded from
Taiwan arrays, their mapping has been carried out. As
the two regions are seismically very active and being in
compressional environment, the earthquake occurrence
for the damaging earthquakes in these regions is thrust
type. Moreover, the strong motion being recorded in near
field, the effect of difference in the medium character-
istic is minimized. The interstation distances of the two
arrays are similar, and therefore, the intrinsic and/or the
geometrical attenuations will have either no effect on the
comparisons of the amplitudes of the recorded data or the
effect will be minimal to validate the coordinate mapping
approach. For this, the geodetic coordinates of Taiwan
stations are derived into their distances and angles with
reference to the original reference point (Taiwan window).
Based on the idea of two straightforward rules: (1) the
ratio of the original distance to the new distance is equal
to the ratio of the length of the original reference line to
the new reference line, and (2) the angle between line SR

@ Springer

(station-reference point) and the reference line remains
constant, and we obtain the new distances and angles in
reference to the new reference point of the stations (Indian
window). Finally, the new distances and angles are used
to derive the converted geodetic coordinates in Indian
window.

As shown in Fig. 3, the reference point and reference
line in the original window are fixed. A station is placed
within the original window, whose geodetic coordinates
are known. Using the Inverse Vincenty’s formula (Vin-
centy 1975), the distance r between the station and refer-
ence point as well as the angle 6 between line SR (station-
original reference point) and the original reference line is
derived. In next step, we obtain the enlarge factor given
by:

Length of new ref. line

Enlarge factor = Length of original ref. line

According to rule 1, the distance r is multiplied by the
enlarge factor to obtain the new distance r between the
station and the reference point in the new window. By
rule 2, we know that the new angle 0 between line SR
(station-new reference point) and the new reference line
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Fig.3 The process of trans-
forming coordinates from one
place to another

Original Window

Ref. point

is same as the original one. ABCD is the window chosen
from Taiwan, where A is reference point, and AB is the
reference line. In the same way, EFGH is the chosen win-
dow from India, where E is the reference point and EF is
reference line (Fig. 4). In Taiwan, P-Alerts are installed
densely along whole Taiwan belt at every 5—10 km, while
India started EEW by placing around 100 instruments at
a distance of about 20 km. A specific window is chosen

New Window

Ref. point 3

from Taiwan corresponding to the Indian window. In
India, these instruments are installed in 150 km X 60 km
window; however, some of the instruments still lie outside
the window. To overcome this problem, we choose a big-
ger window 180 km X 100 km from India. However, having
similar dimension window from Taiwan is difficult, but we
still manage to select one. As shown in Fig. 4, coordinates
transformation is made according to the bigger windows
in India as well as Taiwan.
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Fig.4 Transformation of instruments location from Taiwan to India
using approach is depicted in Fig. 3. A rectangle window of same
size is chosen from India as well as Taiwan. A number of earthquakes

having magnitude >5.5 are chosen from Taiwan. After transforming
Taiwan instruments in Indian coordinates, only instruments that fall
close to actual Indian EEW are chosen for processing
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Processing

The pre-recorded data of various channels from each
earthquake are concatenated into a single file, called Tank
file. This file can be played in Earthworm software in order
of the timestamp of each record line. By this method, we
could pass the recorded data to our algorithm in a simi-
lar manner, as it would have streamed during real-time
event. The algorithm is then tested, and the parameter
values can be optimized. Earthworm module Pick_ EEW
automatically detects the P-wave arrival, and the peak
values of displacement (P,), velocity (P,) and accelera-
tion (P,) are estimated from 3 s time window after the
P-wave arrival. Another parameter characteristic period
(z,) is also estimated from 3 s window after P arrival. 7,
estimation uses the frequency content of P wave, while
other parameters P4, P, and P, adopt the amplitude content
of the initial waveforms. The peak value of P, is picked
directly from seismograms, while these seismograms are
integrated and double integrated to get the values of P, and

Fig.5 Various steps involved in
estimating various earthquake

P, respectively. A high-pass 0.075 Hz recursive Butter-
worth filter is applied to remove low-frequency drift dur-
ing the integration process. The 7, approach for calculating
magnitude was introduced by Wu and Kanamori (2005b)
after modifying Nakamura (1988). This approach looks
appealing; however, finding magnitude using this approach
misleads sometimes because it is more sensitive to sig-
nal-to-noise ratio (Shieh et al. 2011). The information
from Pick_EEW is transferred to another shared memory
Pick_Ring, which in turn provides information to TCPD
module for calculation of earthquake source parameters.
On detection of earthquake, the TCPD module updates
information about the event and sends it to another module
called Hypo_Ring, where they are stored temporarily. The
earthquake messages are filtered using specific criteria in
DCSN module based on previous regression by Wu and
Kanamori (2005b, 2008). Once predefined thresholds are
exceeded and the location is known, the reports are gener-
ated and a warning is issued. This algorithm for estimating
various EEW parameters is shown in Fig. 5.
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Table 1 The list _Of carthquakes Earthquake Magnitude Taiwan coordinates Indian coordinates Depth

selected from Taiwan as well as

transformed in India Latitude Longitude Latitude Longitude
20130327 6.2 23.90 121.05 30.75 78.43 19.4
20130602 5.0 22.04 121.27 31.13 80.57 31.5
20130602 6.5 23.86 120.97 30.68 78.48 14.5
20131031 6.4 24.45 121.97 31.53 77.68 10.0
20140115 5.0 23.86 120.98 30.69 78.48 15.0
20140115 5.1 22.89 121.08 30.87 79.60 8.3
20140115 5.1 22.88 121.08 30.87 79.61 8.4
20150214 6.3 22.66 121.40 31.19 79.84 27.8
20150323 6.2 23.73 121.67 31.34 78.56 38.4
20150420 6.4 24.02 122.44 32.01 78.12 30.6
20150901 55 2391 121.49 31.15 78.37 17.1
20151105 5.0 23.93 121.83 31.46 78.30 47.9
20151203 53 22.60 121.39 31.19 79.91 25.1
20160111 53 23.43 121.53 31.24 78.92 28.6
20160206 6.6 22.92 120.54 30.37 79.62 16.7

Results and discussion

The area, where EEW instruments are installed in India,
is highly sensitive to seismic risk with possible occurrence
of the higher magnitude earthquake. Since the sensors that
we have selected for simulation are P-Alert and currently
no recorded data are available for higher magnitude events
in India, we use recorded data of Taiwan. A number of dif-
ferent magnitude earthquakes are selected from Taiwan
(Fig. 4a and Table 1) and are transferred to Indian coordi-
nates (Fig. 4b and Table 1) with the same procedure as that
of instruments. Since it is difficult to find all higher mag-
nitude earthquakes close to instruments grid, we selected
some earthquakes onshore while other offshore from Tai-
wan. Finally, the recorded waveforms are passed through the
Earthworm software (Johnson et al. 1995; Chen et al. 2015)
using tankplayer module and various EEW parameters are
estimated.

Original TCPD approach inherited from Taiwan uses the
Taiwan velocity model to calculate various parameters. This
velocity model gives reasonable results when using in Tai-
wan with Taiwan instruments. However, after transforming
instruments as well as earthquake locations from Taiwan
to India, we performed experiments using Taiwan velocity
model, Indian velocity model (Kumar et al. 2009) as well as
Global velocity model (Kennett and Engdahl 1991) to check
the applicability of EEW in India using Taiwan instruments.

Before checking these earthquakes in Indian coordinate
system, we checked these earthquakes in Taiwan with origi-
nal Taiwan instruments. The system responded very well,
and reports were generated. Since the ABCD rectangle
in Taiwan contains almost 250 instruments (Fig. 4a), the
system responded very well. Though the magnitude of all

earthquakes using P4 approach was close to actual one, loca-
tion of some of the earthquakes (offshore) was not precise.

We tried to check the functionality of EEW approach in
India initially with all these 250 instruments corresponding
to EFGH rectangle (Fig. 4b). Later on, the number of instru-
ments was reduced from 250 to as that of the actual num-
ber of instruments in India. Based upon the performance of
EEW approach in Taiwan and India, finally, six earthquakes
having magnitude around 6 (capable of causing damages in
the plainer regions) are tested for regional EEW purpose.
The system performs very well in terms of earthquake detec-
tion, P-wave picking, earthquake magnitude and location
(using previously estimated regressions). The performance
of system is reported in terms of EEW warning.

27/3/2013 earthquake
Global model

Various reports are generated. The first report occurs 7.3 s
after the occurrence of the event. By this time, 10 instru-
ments have been triggered. The second report comes after
8.1s, and 11 instruments have triggered. The third report is
generated after 11.0 s with 14 instruments. The fourth report
comes after 14.8 s with 15 instruments. In same way, the
fifth report arrives after 15.0 s with 16 instruments.

Indian model
Total 9 reports are generated. The first report comes in 5.4 s
with triggering of 8 instruments. Several other reports come

after 8.3 s (10 instruments), 10.5 s (12 instruments), 11.1 s
(14 instruments), 11.2 s (16 instruments) and 11.3 s (18
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instruments). Ninth report is generated using data from 25
instruments.

Taiwan model

Ten reports have been generated after 5.5 s (8 instruments),
8.9 s (11 instruments), 10.0 s (12 instruments), 11.1 s (13
instruments), 11.3 s (16 instruments) and so on. The tenth
report comes 15.4 s later with triggering of 24 instruments.

78° 79° 80"
irst report after 6s with 8 instruments.
31 Mpd is 6.1.
30°
st
1™ Report
78" 79° 80°
Third report after 10.4s with 12 instruments.
Mpd is 6.53
31° PeLE
30°
rd
3™ Report
78° 79° 80°
Sixth report after 11.25s with 18 instruments.
Mpd is 6.53
319° p
30°

6™ Report

Fig.6 Various reports generated after different time during 27/3/2013
earthquake. Blue star depicts the transformed earthquake location in
Indian coordinate systems. Yellow star, green star and red star gives

@ Springer

When first report is generated using all the three models,
almost 8 instruments have triggered. Using P, approach, the
magnitude is estimated to 6.1 after 6-8 s. Figure 6 shows
that all tested models, probably due to the limited instru-
ments triggered, do not accurately retrieve the location as
well as depth. During the second report, somewhat less error
is observed in the location with M, 6.5 as around 10 instru-
ments have triggered. By the time, the third report comes
using all three models; a precise location is obtained. The

78° 79° 80°

Second report after 8.32s with 10 instruments.

Mpd is 6.5

d
2"¢ Report
78° 79° 80"
g Fourth report after 11.1s with 14 instruments.
a1 Mpd is 6.57.
30°
th
4™ Report
78° 79 80°

ighth report after 12.49s with 20 instruments.

Mpd is 6.54

8™ Report

the location estimated in EEW system using global velocity model,
Taiwan velocity model and Indian velocity model, respectively
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Table 2 Comparison of location and magnitude using three different models, i.e., global velocity model, Taiwan velocity model and Indian velocity model

India

Taiwan

Depth Global

Location

Earthquake Magni-

Magni-

ing time tude

Magnitude Coordinates Depth Report- Magnitude Coordinates Depth Report-

Depth Report-

Coordinates

tude

ing time

ing time

6.1

Mpd=6.5

11.11(4) Mpv

6.2 30.733 78.404 12.98

Mpd=6.6

11.09(3) Mpv

6.2 30.738 78.422 1297

Mpd=6.6

30.743 78.420 144 10.98(3) Mpv

30.746 78.429 194

M, 62

27/3/2013

M, 6.0

02/06/2013  M; 6.5

6.7

Mpd=6.7

Mpv

9.34(4)

6.6 30.698 78.458 6.58

Mpd=6.7

Mpv

9.05(5)

6.8 30.696 78.455 7.64

Mpd=6.8

Mpv

30.732 78.494 11.23 8.99(5)

30.676 78.484 14.5

M, 62

31/10/2013 M, 6.4

=6.1

16.42(4) Mpv

6.2 30925 78.758 2.26

6.3

15.17(6) Mpv

6.2 30901 78.744 1.72

6.5

16.22(4) Mpv

30.939 78.738 6.31

10.0

31.532 77.680

Mpd=6.3

14.17(2) Mpv

Mpd=

Mpv

Mpd=

14.59(2) Mpv

M, 63

=52
7.7
6.7

5.2 30.733 78.404 9.12

7.7

15.3(2)

7.7 30.553 78.328 0.87

52

30.562 78.343 7.85

31.193 79.836 27.8

M, 63

14/2/2015

Mpd=

17.72(2) Mpv

Mpd=

16.95(3) Mpv

Mpd=

16.37(3) Mpv

M, 62

6.2 30.698 78.458 35.48

6.2

6.3 30.837 78.448 0.27

6.4

31.011 78.509 12.81

31.336 78.557 38.4

M, 62

23/3/2015

6.4
6.5

Mpd=6.6

Mpd

16.63(3) Mpv

Mpd=

17.98(4) Mpv

Mpd=

16.24(3) Mpv

M, 6.0

06/02/2016 M, 6.6

7.0 30925 78.758 4.17

Mpd=6.9

6.6 30.352 79.538 1.02

Mpd=6.7

30.345 79.537 8.35

30.368 79.618 16.7

M, 6.4

estimated magnitude (M Pd=6.5), as well as depth, is close
to actual one. The actual magnitude of the earthquake is
6.2, while using different models it comes around 6.5-6.6
(Table 2). As the location of earthquake source lies within
instrumentation window, the inclusion of data close to the
source having large near-field terms may lead to high P,
and P, values and consequently higher magnitude (Yamada
and Mori 2009). Out of three models, Indian velocity model
seems to respond in an efficient way as it provides magni-
tude, location and depth close to actual one compared with
the other two models (Fig. 6).

2/6/2013 earthquake

This earthquake is located within the instrumentation win-
dow. As soon as the earthquake is triggered, many instru-
ments are triggered and a large number of reports are gener-
ated. These reports are generated because system chooses
records from the different instruments and generate a report.
During this earthquake, the system responds very well and
starts generating reports only 7.0 s after the occurrence of
the earthquake with the triggering of minimum 8§ instru-
ments. By the time, 4th report is generated with elapse of
9.5 s; a precise location, as well as magnitude, is found
(Fig. 7). The total number of triggered instruments is 14.
Around 15-20 reports are generated using each model. Dur-
ing this earthquake, all the three models provide precise
results. The earthquake magnitude is 6.5, while it is reported
between Mp =6.7-6.9 using three different models. Using
all three models, the difference in depth is observed. The
closest depth estimate is found using global velocity model.
This earthquake was also within instrumentation window
and so may be overestimated due to near-field term.

31/10/2013 earthquake

This earthquake is located toward northwest far away from
instrumentation window. The system responds to this earth-
quake, but the location is not precise. Firstly, the system
takes much time around 11 s to generate the first report with
triggering of 10 instruments. Even after detection of the
earthquake with 10 instruments, the earthquake is located
toward the north of instrumentation window. By the time the
fourth report is generated (which we consider being reliable)
with triggering of 16 instruments, 16.0 s has elapsed and still
location as well as depth is very far away from the actual one
(Fig. 7). The estimated magnitude using all three models is
found reasonable (M p,= 6.3-6.5). In Taiwan also, this earth-
quake is located offshore and was not located precisely by
EEW system of Taiwan. The simple reason for this may be
the recording station coverage as no station is available close
to earthquake location.

@ Springer



68 Acta Geophysica (2019) 67:59-75
76° 72 78° 79° 80° 81° 76° 77 78° 79° 80° 81°
32° — h g h 32°
7 -
31° 9 / shimla | 3r
o
MO ali/ 5
Arr;i;ala
30° 1 P 30°
\é‘// Rod;kee
DR 2
i ezt uzaﬂ;rNagar
/7
29° 1 / : - A 29°
Tl sl [RESES [ TEES
y DelhfRegion - K‘r'n / ~ Global Location / / * :_;labalLoennon
// VAl s % Inclon Locatlon. 7y ¥ ncian Location
0 50 10 A~ Thursts / o~ Thursts
; P ke "'}f ,6& ° :‘a';"’scm ; - ° :A:';::Cnles
28° 4 ld' ! L, : ajor Cities g
02/06/2013 31/10/2013
76° 77 78° 79° 80° 81° 76° 77 78 79° 80° 81°
32° ; ~ mp— h 32° < ™
3 N/ R ¢ N AN
’ PN 2 Motz P \ , . Blari Fouy \
£ ’ 4 , a
: 0150214 =
o k / Shinla | \ o |k / Shiml / q
31 o ) hlmla \ 31 7 ma ' ‘N\ '
niomali/ wiotali/ 5 \A
Ambala Ambala Fo : T 90160206"
30° 30° s
/7 Roorkee
.\on X .\DR //@‘3‘ =
~ - uzaffarNagar ~ - uzaffarNagar P < Q
/7 *r
29° / 4 29" 1 :
<3 - Y , oS
iR T\ [ TEGENDS P TEGEND
P /S y IDeIhegion - kl%%rzdaba // 3 Eﬁ;bﬁ,‘.’i‘.,‘;‘,’,?ion |Delh egion - rMI”?'I = / il - E%QTE’JZZTM
s e e — e
Ml I A - 0 w0 1T R
28" | y - ra 3 M}E P /(:‘)0 © major Cities 28, ,/C‘)0 © Major Cities
14/02/2015 06/02/2016

Fig. 7 Estimated location for various transformed earthquakes in India using three different velocity models

14/2/2015 earthquake

This earthquake is located toward the northeast side of
instrumentation window. As that of 31/10/2013 earthquake,
the system responds to this earthquake, but the location
as well as depth is worst for this earthquake. The system
responds 11 s after P-wave arrival and that also with trigger-
ing of 12 instruments. Using the first report, the earthquake
is located toward the southwest side of instrumentation

@ Springer

window. By the time the second report is generated, 16 s had
elapsed, but no change is found in the location of the earth-
quake (Fig. 7). The estimated magnitude by all three models
is also very absurd. M, estimated using global model is 5.2,
while using Taiwan and Indian velocity model it is reported
to be MPd = 7.7, which is nowhere close to actual magni-
tude. This earthquake is located offshore in Taiwan, and no
instruments were close to this earthquake, a high location
and depth error was obtained. In India also, this earthquake
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is located in inhabitant area (where no EEW sensor is avail-
able), so a precise location is not obtained using EEW.

23/3/2015 earthquake

The earthquake of March 23, 2015 is located far but on
the top of instrumentation window. Although the system
responded somewhat late to this earthquake as compared
to earthquakes located within instrumentation window or
close to it, still a better location is found as compared to
earthquakes very far away from the window. The first report
is generated around 10 s after P-wave arrival using Taiwan
and Global velocity model (Fig. 8a). Till this time the system
with Indian velocity model did not respond. Using Taiwan
and velocity model, the location of the earthquake is very far
away from actual one. By the time Taiwan and Global veloc-
ity model generate third and fourth report (Fig. 8b, c), the
Indian model generates second report (Fig. 8c). The location
as well as depth reported by the system using Indian velocity
model is very close to actual one, while using Taiwan and
Global velocity model it is very far.

6/2/2016 earthquake

This earthquake is an inland earthquake in Taiwan and a big-
ger one in recent time. This earthquake caused destruction
in Taiwan (117 casualties and 550 injured) because of the
collapse of one complete residential building. When trans-
formed to India, this earthquake is situated toward the east-
ern side of instrumentation window. The system responded
very well to this earthquake with all three velocity models;
however, the initial time of reporting is around 12.5 s. The
source directivity may be the one reason for taking that much
time for system to respond. If some of the instruments were
installed toward the eastern side of earthquake location; the
system could have responded faster with better accuracy. By

78 79 80" 78

the time the third and fourth reports are generated which is
approximately 16.0 s after P-wave arrival (Fig. 7); a precise
location is obtained, but depth is not that accurate. Looking
closely at the figure, it can be found that system with Indian
velocity model provides the location close to the actual
earthquake as compared to others.

Synthetic records

Since the earthquakes used in present work were recorded in
Taiwan having different tectonics, which may have different
waveforms and may not be valid in the Himalayan region
of India. In the absence of any big earthquake recorded by
this network and to validate our results, we generated syn-
thetic seismograms at all stations of the EEW network in
India from the epicenter of historical Chamoli earthquake of
1999 (M., 6.5) and Uttarkashi earthquake of 1991 (M, 6.8).
The synthetic waveforms for Chamoli and Uttarkashi earth-
quakes are generated at 82 points, where IIT Roorkee has
installed EEW instruments. The interspacing between these
instruments is generally less than 15-20 km, but at some
points, this spacing is more than 20 km keeping in mind
the proper logistics. Synthesis of the accelerograms of both
earthquakes is carried out using modified stochastic model
based on dynamic corner frequency proposed by Motazedian
and Atkinson (2005). This technique has been applied suc-
cessfully previously in Himalayan region (Mittal and Kumar
2015; Mittal et al. 2016b), and results are comparable. The
various region-specific and general parameters are required
for carrying out synthesis. The detail of these parameters is
given in Table 3. The synthetic accelerograms were com-
pared with the recorded one at few stations in terms of peak
ground acceleration (PGA) and looks satisfactory. Addi-
tionally, the synthetic accelerograms were also compared
in terms of PGA using attenuation relationships valid for

79 80" 78" 79" 80°

* 20150323

First report after 10s with 5 instruments.
Mpd is 5.96

- & 20150323
‘ Second report after 10s with 8 instruments.

> *, 20150323
‘, Third report after 15s with 12 instruments.

Mpd is 6.06

Mpd Is 6.43

1* Report

Fig.8 Various reports generated after different time during 23/3/2015
earthquake. Blue star depicts the transformed earthquake location in
Indian coordinate systems. Yellow star, green star and red star gives
the location estimated in EEW system using global velocity model,

2 Report

3™ Report

Taiwan velocity model and Indian velocity model, respectively. A
good location estimate is obtained using Indian velocity model com-
pared to Global and Taiwan velocity model
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Table 3 Details of various parameters used for generation of synthetic accelerograms from the epicenter of historical Chamoli (1999) and

Uttarkashi (1991) earthquake

Parameter Parameter value

Chamoli

Uttarkashi

Latitude, longitude

Fault orientation (strike, dip)
Fault length and width (km)
Subfault length and width (km) 2,2

15.0 (CMT catalogue)
Moment magnitude (M,,) 6.5 (CMT catalogue)

o 87f%71 (Sharma et al. 2009)

280°, 7° (CMT catalogue)

Depth of the hypocenter (km)

Distance-dependent duration

and Atkinson 1999)

Kappa (s) 0.04
Crustal shear-wave velocity (km/s) 3.6
Crustal density (g/cm?) 2.8

Geometric spreading 1/R"2(R < 100km)

1/R%3(R > 100km)

Singh et al. (1999) with little change

Stress parameter (bars) 60 (Singh et al. 2002)
Pulsing percentage 50%

Windowing function Saragoni—Hart
Rupture velocity/shear-wave velocity 0.8

Crustal amplification
and Joyner 1997)

30.38°N, 79.21°E (CMT catalogue)

20, 12 (Wells and Coppersmith 1994)

0 (R< 10 km), 0.16R (10 < R<70 km), —0.03R
(70 < R<130 km), 0.04R (R > 130 km) (Beresnev

Western North America generic rock site (Boore

30.78°N, 78.77°E (USGS)

296°, 5° (USGS)

26,18 (Wells and Coppersmith 1994)
2,2

10.0 (USGS)

6.8 (USGS)

87071 (Sharma et al. 2009)

0 (R< 10 km), 0.16R (10 <R<70 km), —0.03R
(70 < R<130 km), 0.04R (R> 130 km) (Beresnev
and Atkinson 1999)

0.04

3.6

2.8

1/R"*(R < 100km)

1/R%3(R > 100km)

Singh et al. (1999) with little change

55 (Kumar et al. 2012a)
50%

Saragoni—Hart

0.8

Western North America generic rock site (Boore and
Joyner 1997)

Himalayan region (Sharma 1998), and results are found in
agreement.

The synthetic waveforms at all 82 stations from both
Chamoli and Uttarkashi earthquakes are combined into
two separate files called Tank files. These files are passed
through the Earthworm software in a similar manner, as
these would have streamed during real-time event. The algo-
rithm is then tested, and the parameter values can be opti-
mized. Earthworm module Pick_ EEW automatically detects
the P-wave arrival based on STA/LTA algorithms proposed
by Allen et al. (2009) and Allen (1978), and the peak values
of displacement (P,), velocity (P,) and acceleration (P,) are
estimated from 3 s time window after the P-wave arrival
as mentioned earlier for the Taiwan events. The sensitivity
using Allen (1978) may be low as we are interested in higher
magnitude events. All the calculations related to Chamoli
and Uttarkashi earthquake in Earthworm software are made
by replacing Taiwan velocity model with Indian velocity
model. All the threshold values in algorithm are based on
Wu and Kanamori (2008), as they found threshold values
of different parameters using strong motion data from 11
events in Taiwan, 26 events in Southern California and 17
events from Japan. According to them if P, is 0.5 cm, then
the corresponding PGV will be 20 cm/s and the earthquake
will be damaging.

@ Springer

Chamoli earthquake (1999)

Chamoli earthquake is one of the historical earthquakes
in CSG Himalayas that caused widespread damage in the
region. Around 100 people died and thousands injured
because of this earthquake. This earthquake is well located
within the instrumentation window, and the system responds
efficiently to this earthquake. The analysis for synthetic
records is carried out using Indian velocity model only as
these were generated using parameters valid for the region.
The system generates first report in 5.5 s with triggering of
15 instruments (Fig. 9). Significant error is reported in loca-
tion as well as magnitude. Fourth report is generated in 8.5 s
with triggering of 25 instruments (Fig. 9). The location as
well as depth is close to one reported by the Harvard CMT
catalogue. The calculated M, is 6.9, which is slightly higher
than the actual one. By the time, eighth report is generated
with 42 instruments, the estimated magnitude, location as
well as depth becomes stable (Fig. 9). The final estimated
MPd is 6.83, while depth is 22 km, which is more than
reported by Harvard CMT catalogue. This slight difference
in magnitude may be attributed to near-field term, which
may lead to the higher P, values. Also, since these records
are synthetic and not actual, a lot of factors like stress drop
may affect different parameters estimation. However, there
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Fig.9 Various reports generated for 1999 Chamoli earthquake using
synthetic records. A good location as well as magnitude estimation is
found using Indian velocity model. The blue star represents the earth-

is discrepancy between different agencies regarding the
magnitude, depth and location of this earthquake. Indian
Meteorological Department (IMD, the official agency for
reporting earthquakes in India) reported its magnitude to be
6.8 having a depth of 21 km. In total, 16 reports are gener-
ated for this earthquake.

Uttarkashi earthquake (1991)

Uttarkashi earthquake of 1991 is another big earthquake
that occurred in this region and falls outside instrumenta-
tion window. No station is found close to the epicenter of
this earthquake. So the first report is generated 12.3 s later
with triggering of 16 instruments (Fig. 10). The resulting
location, magnitude and depth are far away from actual
one. Total 10 reports are generated for this earthquake. The
sixth report is generated 17.73 s later with triggering of 38
instruments (Fig. 10). The reported M, is found to be 6.20,
while the depth is 20.7 km. The location is also slightly away
from the actual location. In all following reports, no change
is found in location, magnitude and depth. This difference

78° 79 80°

4™ Report

8™ Report

quake location of 1999 Chamoli earthquake, while red star gives the
estimated location using synthetic records in EEW system

may be attributed to insufficient station coverage as well as
synthetic record.

An EEW system is considered to reliable that provides
maximum lead time as well as precise location and magni-
tude (having minimum error in magnitude estimation as well
as location). When enough station coverage is there, too
many variations are not found in the location using all three
velocity models. By the time the fourth report is generated
which takes approximately 10-15 s, a reliable location, as
well as magnitude, is obtained. For earthquakes of March
27, 2013; June 2, 2013 and February 6, 2016 located
between Main Boundary Thrust (MBT) and Main Central
Thrust (MCT), which may be the location of future higher
magnitude in the Himalayas, a high lead time is obtained for
the plainer region using this EEW instrumentation. How-
ever, for the earthquake of February 6, 2016, the system will
be able to respond in a fast and efficient way if some of the
instruments are also installed toward eastern side. For the
earthquake of October 31, 2013, instrumentation should be
extended toward the western side. For the earthquake of Feb-
ruary 14, 2015, which lies in an inhabitant area, we

78° 79° 80"

First report after 12.3s with 16 instruments.

3¢° Mpd is 6.2

Hog11020

30°

31°

30°

f Sixth report after 17.73s with 38 instruments.

Mpd is 6.20

Hog11020

1* Report

Fig. 10 Various reports generated for 1991 Uttarkashi earthquake
using synthetic records. The blue star represents the earthquake loca-
tion of 1991 Uttarkashi earthquake, while red star gives the estimated
location using synthetic records in EEW system. The difference in

6" Report

location, magnitude and depth is reported which may be due to syn-
thetic records and insufficient station coverage as no station is situ-
ated close to epicenter location
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understand that instrumentation would be difficult. For
detecting earthquakes like March 23, 2015 in a better way,
it will be good to spread instrumentation toward the north.
Using synthetic records of Chamoli and Uttarkashi earth-
quake in this study, same kind of results are obtained. For
Chamoli earthquake, a reliable location as well as magnitude
estimation is reported. However, for Uttarkashi earthquake,
significant difference in location as well as magnitude is
found which may be due to the insufficient coverage as no
instrument lies toward north of epicenter and due to the syn-
thetic nature of records. From here, it can be inferred that
this instrumentation may provide good lead time from earth-
quake situated between MBT and MCT in instrumentation
window. We are using P-Alert data from Taiwan, and this
instrumentation has not recorded any earthquake having
magnitude M, > 7 since its installation. All the earthquakes
that we have used have the magnitude (M,,) between 5.5 to
7.0, so P4 approach using three seconds may be efficient to
estimate magnitude in a reliable way as the magnitude is
close to actual one (Table 2). For earthquakes having mag-
nitude M, > 7.0 like Tohoku, Japan earthquake (M,,=9.1),
this approach using 3 s may be insufficient as the fault may
be still rupturing and magnitude may be underestimated. In
recent time, Chen et al. (2017) used different time windows

Fig. 11 The lead time for
various cities in foothills of
Himalayas and plainer regions
from earthquake of June 2,
2013 located between MBT
and MCT. Blind zone where
no regional warning is possible
is also shown. Maximum lead
time is obtained for Delhi
region, which is 270 km away
from earthquake source, while
minimum lead time is for
Dehradun city, which is around
60 km away

uzaffarNagar= 34 sec

(1-10 s) for calculating the magnitude for such big earth-
quakes and concluded that using few second window ini-
tially from recorded waveforms and then updating it with
increasing time window may provide useful results. Never-
theless, this kind of approach using high time windows may
reduce the early warning time. From regional EEW point of
view, this instrumentation is built to provide enough warning
time for cities in Himalayan foothills and plainer regions like
Dehradun, Haridwar, Roorkee, Ambala, Mohali, Chandi-
garh, Muzaffarnagar, Meerut, Delhi NCR and so on. Fig-
ure 11 depicts the lead time warning for different cities from
the earthquake of June 2, 2013 situated between MBT and
MCT. For Delhi NCR region, which is approximately
270 km away from this earthquake situated between MBT
and MCT, 65-70 s of lead time may be a reliable approxima-
tion. Dehradun is the closest city so lead time may be least
as compared to other cities mentioned above. Bhardwaj et al.
(2016) used data from Japan and India to calculate various
EEW parameters like maximum predominant period (T;nax)’
7., P4, cumulative absolute velocity (CAV), bracketed cumu-
lative absolute velocity (BCAV), windowed bracketed cumu-
lative average velocity (BCAV-W) and root sum of squares
cumulative velocity (RSSCV). They used the dataset from

A

29° Meerute 47 56 - ' a 4 *
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Japan having magnitude 5 <M <7 with epicentral dis-
tance <60 km. From India, they choose dataset having
3.3 <M <6.6 with epicentral distance <60 km. This dataset
in India is recorded by National strong instrumentation net-
work across the Himalayas having interstation spacing
around 40 km (Kumar et al. 2012b; Mittal et al. 2006, 2012).
In light of their findings, they found that P, is a descent
indicator of EEW; however, the combination of two or three
EEW parameters might always be a better option. The data-
set recorded by this instrumentation in India provides an
excellent opportunity to carry out some useful works (Mittal
et al. 2013b, 20164, c). Seismic hazard for Delhi region (the
region of interest for EEW) is estimated previously in terms
of site effects and spectral acceleration using data from this
network (Mittal et al. 2013a, ¢, 2015). Bhardwaj et al. (2016)
performed analysis considering few earthquakes from India
having sparse records before deployment of EEW network
in India. However, for EEW in operation, a closely spaced
instrumentation is much needed.

Conclusions

The seismicity in India has been well reflected in its seis-
mic zonation map of Indian Government where more than
60% of the area is under high seismic risk. It has got almost
similar seismic hazard as those countries where the EEW
systems are well established and have been used success-
fully for disaster mitigation and management. The compli-
cated seismicity in the Himalayas affects whole northern
India and northeast India. On the other hand, instrumenting
the entire Himalayan Belt region is not easy because of its
length (2500 km). IIT Roorkee initialized EEW in the north-
ern Himalayas by installing about 100 seismic stations in a
specific belt in CSG. In this paper, we have focused more on
the applicability of EEW using recorded data from Taiwan,
as no recorded ground data from larger magnitude earth-
quake are available in India for checking the functionality
of EEW. Recorded ground motion data from Taiwan provide
an excellent opportunity to test the feasibility of EEW in
northern India. The system performs very well in terms of
earthquake detection, P-wave picking, earthquake magni-
tude and location (using previously estimated regressions)
using P, algorithm. For the earthquakes situated between
MBT and MCT, and close to instrumentation window, a
good estimate of location as well as magnitude is found.
Since the earthquakes used in present study are recorded
in Taiwan having different tectonics, so the recorded wave-
forms may not be same as that of India. In order to sup-
port our results, we generated synthetic seismograms from
the epicenter of historical Chamoli (1999) and Uttarkashi
(1991) earthquake at EEW stations in India. We checked the
functionality of EEW using these synthetic seismograms.

The Chamoli earthquakes are located within the instrumen-
tation window; a good approximation of earthquake loca-
tion and magnitude is obtained by passing these generated
waveforms. The Uttarkashi earthquake is located out of the
instrumentation window, no station is found toward north of
the epicenter, and the results are found to differ from actual
one. It is observed when the number of stations is more
and closely spaced, as that of Taiwan, a good approxima-
tion of earthquake location as well as magnitude is found.
On the other hand, when the number of instruments is less
and earthquake location falls away from the instrumentation
window, a marginal error is observed in earthquake location.
From here, it can be concluded that for EEW to operate sat-
isfactorily in India and to get EEW at least from earthquakes
originating in seismic gaps in the Himalayas, the number of
instruments should be increased drastically.
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