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Earthquake early warning (EEW) is considered one of the important real-time earthquake damage mitigation measures. The
presence of seismogenic sources generating high seismicity in Himalayas and the cities of concern lying at appropriate distances
makesNorthern India a perfect case to bemonitored using EEWsystems. In the present study, an attempt has beenmade to estimate
the lead times for Northern Indian cities for issuing early warning by using the EEW system deployed by IIT Roorkee in Central
Himalayas.The instrumentation deployed at 100 locations between Uttarkashi and Chamoli has been used to estimate the lead time
at six cities. The estimated lead time includes the time to reach S-wave after subtraction of the sum of P-wave arrival time at the
station, time taken by EEW algorithm, transmission and processing delay.The study reveals that for Dehradun, Hardwar, Roorkee,
Muzaffarnagar, Meerut, and Delhi the minimum calculated lead time is 5, 11, 20, 35, and 68 sec while the maximum lead time is 37,
36, 47, 59, and 90 sec, respectively. Such larger estimated lead times to these densely populated cities show that EEW can successfully
work as one of the important real-time earthquake disaster reduction measures in Northern India.

1. Introduction

The rapid growth of the world’s population over the past few
decades has led to a concentration of people, buildings, and
infrastructure in urban areas. These vulnerable areas when
falling in vicinity of seismically active sources become the
center of disasters in terms of economic losses and death
tolls. Such a case exists in Northern India where a lot of
development has taken place in the vicinity of Himalayas
which is one of the world’s seismically very active zone.
Himalaya has been repeatedly hit by damaging earthquakes
including someof the great earthquakes, namely, 1897 Shilong
(M 8.7), 1905 Kangra (M 8.6), 1934 Bihar (M 8.4), and
1950 Assam (M 8.7), along with other moderate earthquakes
which occurred recently, for example, 1991 Uttarkashi (M
6.8), 1999 Chamoli (M 6.4), 2005 Muzaffarabad (M 7.6), and
2011 Sikkim earthquake (M 6.9) in which huge loss of life and
property took place [1–3]. The recent 2015 Nepal earthquake
may be considered as a whistle blower for revisiting our

preparedness towards heavy losses which the local populace
has to face in future due to suchnatural calamity.Theproblem
becomes manifold when the pace of urbanization rapidly
increases into the Himalayan region and its periphery and,
in turn, increase in the vulnerability is considered. It is
therefore essential to take measures to reduce earthquake
losses through scientific research. In addition, to create an
earthquake resilience society by providing earthquake resis-
tant built environment, it will be of paramount importance
to consider the information about such event if it can be
given a priori. Since earthquake prediction seems to be a
little distant future, the earthquake early warning (EEW)
systems are making swift in-roads in becoming a practical
tool to reduce the losses by giving warning before the arrival
of a damaging ground motion at a site [4, 5]. One of the
prerequisites for disaster mitigation and management is the a
priori knowledge of impinging strong ground motion. EEW
systems have also played an integral role in engineering
applications. Themain challenge for the effective use of EEW
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in engineering prospective is the longer response time taken
by the structural control of buildings to activate on receiving
EEWmessages against strong shaking.

Possibility of getting maximum advantage of EEW system
in Northern India is very high due to the fact that, for
Northern India, potential source of earthquakes is located in
Himalayas, whereas centers of large population as well as big
industrial hubs (including our capital city Delhi) are in plains
adjoining Himalayas. An EEW system forNorthern India has
been discussed in this study with an objective to estimate
the lead time to some of the densely populated cities and to
estimate the area encompassed for its advantages to reduce
the disaster using this methodology. Delhi with more than
15 million inhabitants lies approximately 200 km from MBT
and 300 km from MCT, the two most active thrust planes of
the Himalayas. Many studies have been carried out to predict
strongmotion inDelhi [7–14]. Singh et al. [15] have calculated
the values of PGA in Delhi for probable magnitude M 8 and
M 8.5 earthquakes to be 96-140 cm/sec2 and 174-218 cm/sec2 ,
respectively. Sharma et al. [16] proposed a maximum PGA of
0.34 g for Delhi. Delhi being the sociopolitical and economic
nerve center of the country it demands much more attention
from the angle of disaster preparedness such as EEW system.

EEW systems provide warnings of an impending damage
either by rapid estimate of earthquake source parameters or
based on simple thresholds.Thewarning time is generally few
seconds to few tens of seconds depending on the distances
between seismic source, seismic sensor, and user sites. The
important objectives of EEW systems are event detection
and location, magnitude estimation, peak ground motion
prediction at the target site, and alert notification [17]. There
are two types of EEW systems used around the world.
First is front detection/regional warning system in which
seismometers installed in the earthquake source area give
early warnings to more distant area users. Second is an
onsite warning system, which determines the earthquake
parameters from the initial portion of the P-wave and predict
the possible ground motion of the following S-wave at the
same site. An onsite warning approach is considered to be
fast as compared to regional warning approach but reliability
of warning is better achieved in case of regional warning
approach.

2. Dataset

TheNorthern part of the India is in the vicinity of Himalayas.
The Himalayas are the result of continent-continent collision
and account for approximately 15% of yearly global seismic
energy release. The collision of Indo and Eurasian plates
produced the Himalayas and the Tibetan Plateau which has
the most noticeable topography in the world [18]. Minster
and Jordan [19] estimated the northwardmotion of the Indian
plate relative to the Asian plate as 42 mm/year in the western
Himalaya. Later on the basis of geodetic plate model, higher
convergence rate of 44 mm/year was observed from west
to east Himalayan region [20, 21] and 54 mm/year towards
North East [22]. It was concluded that the convergence
was absorbed due to (i) shortening of sedimentary strata
in the foreland as India underthrusts its cover rocks, (ii)

contraction within the collision zone by uplift in the high
Himalaya and reactivation of interior thrust faults, and (iii)
crustal shortening via thickening of the crust and escape-
block tectonics along strike slip faults to the north of the
collision zone [23, 24]. The whole Himalayan belt (around
2,500 km) comprises many states like Jammu and Kashmir,
Himachal Pradesh, Punjab, Harayana, Uttarakhand, Sikkim,
Assam, Meghalaya, Arunachal Pradesh, Manipur, Mizoram,
etc. which are thickly populated. The seismotectonic history
of Himalaya reveals that there is a possibility of occurrence of
large distributed earthquake with a recurrence interval ≤ 500
years (similar toKangra/Muzaffarabad earthquake) or amega
thrust type earthquake with a recurrence period ≥ 1000 years
as documented in the paleoseismological trenches [16, 25–
28].

Based on the past seismicity, seismic hazard, and other
considerations which fall in line with the need of EEW
system, the Northern Indian region has been selected as
the case study to look for the need. This region is part of
the seismic gap area between Kangra earthquake and Bihar-
Nepal earthquake and lies in Seismic Zone IV andV.The area
for EEWwas chosen based on geological and tectonic setting,
past seismicity, and the location of important cities which are
the target region for the EEW system to issue warnings [6].

The ongoing northwards drift of Indian plate makes
Himalaya geo-dynamically active which has been studied
extensively during the past few decades and the seismic
hazard estimations made by considering such phenomenon
have increased the hazard in long return periods [12, 25,
29–31]. Such conclusions tempt the scientists to work out
remedies like EEW systems for risk reduction by estimation
of magnitude, location of the impending earthquake, and
providing warning time of few seconds before the catas-
trophic event hits the target site.

3. EEW in Northern Indian Region

EEW system works on the principal that the speed of seismic
waves is much slower than the EM waves which are used to
send the information of impinging seismic waves in much
lesser time as compared to the arrival of actual seismic waves.
Bhardwaj et al. [32, 33] described the working of the EEW
system deployed in Northern India. Five EEW parameters,
namely, maximum predominant period 𝜏𝑚𝑎𝑥𝑝 , average period
of ground motion 𝜏𝑐, peak displacement P𝑑, cumulative
absolute velocity CAV, and root sum of squares cumulative
velocity RSSCV, were analyzed at 5 different time windows
(1 sec to 5 sec) and specified time domain amplitude level
was estimated for issuing warning in minimum time interval
and with reliable accuracy [6]. 𝜏𝑚𝑎𝑥𝑝 is considered to be the
first EEW parameter which utilizes first few seconds of P-
wave to calculate the maximum possible predominant period
within a selected time window [34, 35], 𝜏𝑐 is the second EEW
period parameter which is similar to 𝜏𝑚𝑎𝑥𝑝 and was proposed
by Kanamori [36]. It is different from 𝜏𝑚𝑎𝑥𝑝 as follows:

(a) 𝜏𝑚𝑎𝑥𝑝 is calculated from the ratio of velocity and
acceleration records, while 𝜏𝑐 is calculated from the ratio of
velocity and displacement records.
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Table 1: Calculated threshold values of different EEW parameter for issuing warning for an event having M ≥ 6 at different time windows
[6].

Parameters Time Window
1 sec 2 sec 3 sec 4 sec 5 sec

𝜏
𝑚𝑎𝑥

𝑝
(sec) 0.95 1.00 1.06 1.10 1.14

𝜏𝑐 (sec) 1.02 1.17 1.20 1.42 1.55
Pd(cm) 0.13 0.27 0.51 0.95 1.38
CAV (cm/sec) 3.00 8.00 10.00 23.00 41.00
RSSCV (cm/sec) 0.30 1.00 1.70 5.20 10.00

(b) 𝜏𝑚𝑎𝑥𝑝 determines predominant period of the P-wave,
while 𝜏𝑐 represents initial portion of P-wave over a fixed
time window, i.e., the pulse width of P-wave, and it varies
according to the size of event, thus, used for estimating the
event magnitude. Both 𝜏𝑚𝑎𝑥𝑝 and 𝜏𝑐 parameters deal with the
frequency content present in the initial portion of P-wave
and when used together to estimate the magnitude, more
accurate results were obtained [37]. Third EEW parameters
are peak displacement parameter (Pd); it is used to estimate
the peak ground velocity (PGV), i.e., the damageability of
the impending earthquake at a site [38–42]. Fourth EEW
parameter is cumulative absolute velocity (CAV); it is defined
as the integral of absolute value of ground acceleration over
the seismic time history record. It is also defined as the area
under the absolute accelerogram and includes the cumulative
effects of ground motion duration. The velocity content
present in the ground velocity record is found to be associated
with the earthquake energy content of the recording site and
also used to determine the damage threshold for engineered
structures associated with the impeding earthquake [43],
and fifth EEW parameter is root sum of squares cumulative
velocity (RSSCV); it is calculated by taking root of the squared
value of velocity vector calculated for a given time window.
RSSCV is an EEW parameter which includes the cumulative
effect (amplitude and time) of ground motion duration [32].

The dataset chosen by Bhardwaj et al. [6] was from K-
NET seismic array in Japan. Out of the whole data 1726
records of 105 events having 5 ≤ M ≤ 7.2 with epicentral
distance ≤ 60 km were selected. To validate the devel-
oped algorithm in Indian conditions, the data was chosen
from Himalayas. 28 Indian events were selected from these
seismically active regions having 51 digital records from
stations having epicentral distance up to 60 km from a
range of magnitude varying between 3.3 and 6.8 [10, 30].
To further validate the algorithm on worldwide data another
dataset (not used for regression analysis in the study) was

selected mainly from Southern California, Taiwan, and
Turkey. The dataset consisted of 219 earthquake records of
14 earthquakes recorded at 174 strong motion stations with
magnitude ranging 4.27≤M≤ 7.62 within 60 kmof epicentral
distance.

Regression relations were established between selected
EEW parameters and magnitude to determine the threshold
values for issuing warning for the events having M ≥ 6.

The threshold values determined for different time win-
dows [6] are shown in Table 1. Also, the calculated threshold
values are found to be in good agreement with threshold
values suggested by other researchers using considered EEW
parameters at different dataset.

4. Lead Time Calculation for Cities in
Northern India

Three EEWparameters preference based approach developed
by Bhardwaj et al. 2015 [6] have been used in the present study
to estimate the lead times. The stations used to estimate the
lead time for various cities are shown in Figure 1. The cities
chosen for estimation of lead time are given in Table 2.

Lead time is defined as the time difference between S-
wave arrivals at the user site and first P-wave arrival at the
seismic network in addition with the transmission delay
and the time consumed in various processings (detection
of P-onset, calculation of various EEW parameters, decision
to issue an alarm for a potentially damaging earthquake).
Figure 2 represents how the lead time is calculated in case of
a regional warning approach.

The time taken by S-wave to reach a particular place will
be time available to act or to give warning. Keeping in view,
the developed EEW algorithm takes 4 sec to compute EEW
parameters and to make decision about the alarm with 1 sec
of transmission delay and 1 sec of processing delay. Thus, the
lead time is calculated as follows:

𝐿𝑒𝑎𝑑 𝑡𝑖𝑚𝑒 = (𝑆-𝑤𝑎V𝑒 𝑎𝑟𝑟𝑖V𝑎𝑙 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑖𝑡𝑦) − (𝑃-𝑤𝑎V𝑒 𝑎𝑟𝑟𝑖V𝑎𝑙 𝑎𝑡 𝑡ℎ𝑒 𝑓𝑎𝑟𝑡ℎ𝑒𝑠𝑡 𝑜𝑓 4 𝑛𝑒𝑎𝑟𝑒𝑠𝑡 𝐸𝐸𝑊 𝑠𝑡𝑎𝑡𝑖𝑜𝑛

+ 4 𝑠𝑒𝑐 (𝐸𝐸𝑊 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚) + 1 𝑠𝑒𝑐 (𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝑒𝑙𝑎𝑦) + 1 𝑠𝑒𝑐 (𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑑𝑒𝑙𝑎𝑦))
(1)

The lead time has been calculated for six main cities
of Northern India, namely, Dehradun, Hardwar, Roorkee,

Muzaffarnagar, Meerut, and Delhi. The array of 100 stations
with EEW sensors has been considered as the epicenter of
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Figure 1: EEW instrumentation network in Uttarakhand region of Himalayas covering an area of around 5000 km2 which is used to estimate
lead times. EEW stations marked with triangles and the benefited cities for which EEW will be issued are marked with solid squares.

Table 2: List of cities included for EEW system instrumentation and for issuing warning with their population, area, and population density
information according to census 2011.

Cities Population Area (km2) Population density (per km2)
Uttarkashi 329686 7951 41
Chamoli 391114 7692 51
Rudraprayag 236857 1896 125
TehriGarhwal 616409 4085 151
Roorkee 118188 33 3581
Dehradun 1698560 3088 550
Hardwar 1927029 2360 817
Saharanpur 3464228 3689 939
Muzaffarnagar 4138605 4008 1033
Meerut 3447405 2522 1367
Baghpat 1302156 1345 968
Ghaziabad 4661452 1175 3967
Gautam Buddha Nagar 1674714 1269 1320
Delhi 16753235 1484 11289

100 earthquakes having focal depth of 15 km originated in
the selected seismic network region. The lead time for the
six selected cities has been calculated for each earthquake by
considering P-arrival farthest from the nearest four stations
and S-arrival at the cities along with decision time, transmis-
sion, and processing delay. The P-wave and S-wave velocities
considered are 5.5 km/sec and 3.2 km/sec, respectively. For
example, for earthquake number 1 the nearest four stations
are 1st station itself, 23rd station, 19th station, and 61th sta-
tion, respectively (Figure 3), with corresponding hypocentral
distances such as 15 km, 16.42 km, 17.29 km, and 17.91 km as
shown in Figure 4.

After the search of the nearest four stations with their
hypocentral distance calculation being done, the longest P-
arrival time at the four nearest stations has been considered
for calculating P-arrival time at the seismic network. Further,

by using Heaversine’s formula, distance between the event
and the city has been determined and the time taken by the
destructive S-wave to reach the particular city has been calcu-
lated. The calculated P-arrival and S-arrival time along with
4 sec of EEW algorithm decision time, 1 sec of transmission
delay, and 1 sec of processing delay provide the lead time for
the cities by using (1). The lead time for each city has been
calculated and shown in Figure 5. From Figure 5, it has been
concluded that, forDehradun, theminimum lead time is 5 sec
andmaximum lead time is 37 sec, for Hardwar, the minimum
lead time is 11 sec and maximum lead time is 36 sec, for
Roorkee, the minimum lead time is 20 sec and maximum
lead time is 47 sec, for Muzaffarnagar, the minimum lead
time is 35 sec and maximum lead time is 59 sec, for Meerut,
the minimum lead time is 48 sec and maximum lead time is
70 sec, and, for Delhi, the minimum lead time is 68 sec and
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Figure 2: Difference in velocity of P-wave and S-wave used for lead time calculation.
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Figure 3: The possible arrangement of the proposed array of 100 earthquake stations and earthquakes in Uttarakhand region of Himalayas
which is used to estimate lead times. EEW stations marked with triangles and the earthquakes by quad arrow.

maximum lead time is 90 sec as shown in Figure 6. Thus,
the cities which are near the epicentral region have small
lead time in comparison with cities which are far from it.
Calculating an average lead time for the considered cities is
as follows:

(1) Dehradun, 20 sec
(2) Hardwar, 22sec
(3) Roorkee, 31 sec
(4) Muzaffarnagar, 44 sec
(5) Meerut, 57 sec
(6) Delhi, 76 sec

It is found that, for all the cities, the time available for alarm
varies from 5 sec to 90 sec, i.e., from seconds to more than
a minute, which is substantial time to act for saving human
lives and for activation of emergency response measures such
as immediate shutdown of industrial units, nuclear power
plants, gas lines, pipelines, computers, and slowing down
high speed train. Further efforts are needed to achieve EEW
system’s amalgamation into engineering applications [43].

5. Conclusion

Advancement in data analyses techniques and increased
public perception of seismic hazard accelerated the growth
of real-time earthquake information system such as EEW
system. The warning time provided by the EEW system can
be used to minimize property damage and loss of lives and
to aid emergency response. The EEW systems deployed in

Northern Indian region have been used as a case study. The
multiparameter EEW algorithm has been used to calculate
the lead time for Northern India cities such as Dehradun,
Roorkee, Hardwar, Muzaffarnagar, Meerut, and Delhi.

The estimated lead time is defined as the time which
consists of the time to reach S-wave at the target site after
subtraction of the sum of P-wave arrival time at the station,
time taken by EEW algorithm, and processing time. Even
though the time practically taken by the seismic wave ismore,
the time consumed in transmission and processing has to
be subtracted which reduces the lead time which affects its
usefulness in disaster mitigation measures. The study reveals
that, for Dehradun, Hardwar, Roorkee, Muzaffarnagar, and
Meerut, the minimum lead time is 5, 11, 20, and 35 seconds
while the maximum lead time is 37, 36, 47, and 59 sec,
respectively. One of the important outcomes of the study
is the estimated lead time for Delhi which is minimum
68 sec and maximum 90 sec. Such larger estimated lead
times to these densely populated cities show that EEW
can successfully work as one of the important real-time
earthquake disaster reduction measures in Northern India.
As the Himalayas have high seismicity runs with east-west
trend for about 2500 km with the cities lying in southern
vicinity (not more than 250 km), such EEW systems are
recommended to be deployed all along the southern flank of
Himalayas.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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