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ABSTRACT

Empirical statistical modeling of earthquake intenet time-gaps has over the years generated ensrintarest
to geoscientists and other professionals, for adewarof applications relating to mitigation of dagtiake risk.

In this study, we estimate probabilities of eartidggirecurrence in the Kumaun-Garhwal region ofctrtral Himalayan

belt, using a set of internationally cataloguedrz{szderate-to—largéSS m = 6'3) independent earthquakes, that occurred
there during a period of 60 years (1958-2017). Wgested the interevent time intervals of theseheaakes to detailed
stochastic processing, to examine the efficacyaohef the four different probability distributionodels, viz. exponential,
gamma, lognormal and Weibull, and found that, thgnbrmal model best represents the observed dathisncase.
The statistical inferences drawn are based es#grtia two goodness-of-fit tests: (i) Maximum Lilkkebod Estimation
(MLE) with an improvement over the Akaike Informaii Criterion (AIC) and (ii) the non-parametric Kadgorov-
Smirnov (K-S) test. In addition, the surrogate Eistnformation Matrix (FIM) approach is utilized rfauncertainty
estimation. As a measure of seismic hazard, wermieted the earthquake potential in the study regionterms of
conditional probabilities of future earthquakes; ¥arying elapsed times of assumed seismic quiesgesince the last

event detected on 06 February 2017 at the time-t=ienpatalog.
KEYWORDS: Earthquake, Kumaun-Garhwal Himalaya, Probability
INTRODUCTION

Earthquakes occur as a consequence of global pdatenic motions leading to deformation, that cause
progressive build-up of strain in the upper brifikert of the earth’s crust. The elastic stressddieaccumulating in the
lower ductile part of the crust also gets contihy#lansferred to the upper crust part which isnewally stressed to a
critical limit resulting in fault rupture. The st® drop after relaxation resets stage for the onggle of earthquake
preparation, and so on. Such interactions amonfgrdift spatio-temporal systems, govern the complerlinear
Geodynamics of earthquake sequences. Despitestilisyy one may also consider earthquakes as desipgint process in
space and time, by ignoring its temporal naturetduamited event-time duration and spatial natuhee to a finite extent
of a rupture zone (Utsu 1984; Anagnos and Kireraidjl988). Besides, earthquake processes in selgndctive zones
are observed to be partially stochastic (Shen.&0f7; Vere-Jones 2009). Thus, it is importardgttmly various statistical
properties of earthquake sequences in a given mefgiwards assessment of earthquake hazard in tefrosnditional
probability of future earthquake events in thatisag Such a study serves a useful purpose in a wateety of

applications, including engineering designs, citanping, archaeological preservations and, indesdimation of
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32 Pasari & S. K. Arora

earthquake risk to structures on the ground andanymepulation, based on their vulnerability qudtien

The present study area lying within the grid bouhdsy 29-3IN and 79-82E (Figure 1) Encloses the
Kumaun-Garhwal region of the Central Himalaya. Tpésticular region is seismotectonically quite @etias it it is
traversed by a number of major fault zones thap keactivating time and again causing moderatarngel earthquakes.
A south, south-verging megathrust fault forming khain Central Thrust (MCT) with its several imbriedranching faults
separate this region from the Main Boundary Th(MBT). The lesser Himalayan belt between the MB@ MCT also
has sub-units demarcated by several major thr@stengly folded and imbricated weakly metamorphosedimentary
series of rocks, crystalline sequence of mediurhigh+ grade metamorphic rocks of Ordovician andyeltiocene age,
and fossiliferrous sediments of Upper Proterozoidviiddle Eocene age constitute the geotectoniéngetif the study
region (Valdiya 1998; Yin 2006). The root of sevarappes, clippen, duns, and lakes can be obsénvinis sub-unit of
the Himalayan orogen (Valdiya 1998).

Physical and deterministic modeling of earthquagguences from geological, paleoseismological odgeo
data are, no doubt, valuable. However, these appesanecessitate to gather field observationssitely over prolonged
periods of time and thus are often expensive, cusabee and time consuming. Therefore, as an alieenapproach,
it is motivating to study statistically the templocharacteristics of earthquake intervened timadileg to an assessment of

seismic hazard.

In the present work, we concentrate on the empisitistical distribution of time intervals betwesuccessive
earthquakes in the Kumaun-Garhwal Himalaya. We é@xanthe applicability of different models, viz. Expential,
gamma, lognormal, and Weibull. Although, each adsth distributions has notable advantages in eakegmodeling
(Utsu 1984), we identify a model that best repres#me observed data of earthquakes in that regiomay be noted that
we do not need to take into account faulting patarse including source mechanism, hypocentral depth,
source volume, etc.. Our main aim is to determimeddional probability of future earthquakes in tedy region based

on the best-fit probability model. Such conditiopabbability estimates also serve to assess setsaziard in the region.
REGIONAL EARTHQUAKE DATA

The present study utilizes real, complete and h@megus data set of 44 moderate-to-large earthquakése
body-wave magnitude randeBS m, < 6.3 that occurred in the study region over a period®fyears (1958-2017).

All of these earthquakes are shallow-focus withrtseurces within the crust at depths mostly nateexing about 50 km
(Figure 1). These data have been adopted fromattegriake catalog of the International Seismoldgizmtre (ISC) after

a careful scrutiny by picking up only independeners, dropping out the dependent ones such ashiocks,
aftershocks and seismic swarms or clusters. Therulipit of magnitude rfy, 6.3) has been consistent with the largest
value registered over the data period since 1958euhe lower cutoff magnituder| 5.0) is set by us taking into account
that earthquakes smaller than this size are of arserjuence worth considering from the hazard pafintiew. The
epicentral locations, focal depths, magnitudes, ttmds of occurrence of these earthquakes are sugedan Table 1.
The largest eventng, 6.3) in the compiled list severely jolted the Cladindistrict of Uttarakhand on March 28, 1999,
whereas the last listed event,(5.3) that occurred near Pipalkoti in Uttarakhand-ebruary 06, 2017 produced moderate
ground motion. However, these earthquakes generatetsiderable discussion on engineering conseqeeiase

experienced during the long-debated Tehri Dam coctbn activity in the Garhwal Himalaya (Kayal 20@isht 2008).
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The uncontaminated data set constituted by earkeqeaents selected in the present study ensuréshba
random samples of earthquake intervened times angly tindependent and identically distributed
(hereafter referred to as IID type events)). Fotamling such an 1ID data set, a window-based sgatigporal type
filtering is adopted. This approach aims to appiedply identify foreshocks and aftershocks, andwe them from the
list, being disqualified for the present analy3ike criterion used relies on the following condipaccording to which a
dependent event is one that (a) it lies on the Samle which the main (parent) earthquake ruptuaed its source is not
far away (typically, within about 50 km) from thaf the parent event, (b) it precedes or succeedsnthin event,
within a small time marking temporary quiescena®] €) it is necessarily of a lower magnitude, guften much lower,

as compared to the main event.

In our data set, we need to homogenize magnitidies.chose to retain the body-wave magnitudg) (as
standard, since a large majority of the events he briginal ISC catalog is assigned such a magaitud
We converted magnitudes of the remaining evenpgrted with either local magnitud&/() or surface-wave magnitude
(M), making use of the following well known empiricadlations (Gutenberg and Richter 1956; Abe 1984nadmori
1983; Scordilis 2006).

m, =1.5m - 2.2 m, = 0.681,+ 2.5 Mg= 1.M_- )t O0.0MF o

The magnitudem, or mg follows from the short-period (about 1 sec) initi&-wave amplitude,
which was introduced by Gutenberg (1945a, 1945ty d@he installation of the World-Wide Standardizéeismograph
Network (WWSSN) to routinely record the short-pdricertical-component seismograms. The surface-waagnitudeMs
is usually determined from the maximum amplitudeRaf/leigh type long-period seismic surface waveth @&iperiod of
about 20 Sec (Gutenberg 1945a), whereas the loaghitudeM, is determined from the maximum signal amplitude

recorded on a Wood-Anderson seismogram with predamtiperiod usually within 0.1-3.0 Sec (Richter3)93

In stochastic modeling and analysis of earthqual@iwences, as in the present study, completerigbe @rint
catalog of reported earthquakes above a certaimito@g value is of utmost importance as a prerégute detailed
processing. In this regard, we performed a mageifoequency based visual cumulative method (VCM3t te

(Mulargia and Tinti 1985) on the original ISC catgl of earthquakes covering the 60-year period (28B8),
in the operative magnitude ranﬁés m, < 6.3 . Alinear fit in the least-squares sense is oletiftom the scatter plot

between time (in years) and the cumulative numbérearthquake events in the chosen magnitude range.
A catalog is designed to be ‘time- complete’ if thend of the observed data stabilizes to approina straight line
(Mulargia and Tinti 1985). In other words, it sifies that the earthquake rates and moment releaisasitimately steady
over the time periods considered (Mulargia andiTi®B5). Of course, we are aware that, at times, gbssibility of
extended aftershock durations in low-strain intatceental regions (e.g., Stein and Liu 2009) and possibility of
substantial variations in seismic activity (e.gagP and Felzer 2015) may raise some pertinentignssibout the typical
linear assumption in respect of the catalog corepksts. However, in the present application usiedfittered data set,

it is observed that the graph between time and:timeulative event count has a linear relationshiih \W-square value at

0.94 (Figure 2), which evidently satisfies the gacompleteness requirement very well.
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METHODOLOGY

Stochastic modeling with regard to earthquake reoge in a given region generally involves a tretg
process. The first step highlights typical assuomstiand model descriptions; the second step deitthstihe model
parameter estimation; the third step aims at thelehwalidation from several goodness-of-fit tesbsice the best-fit
probability model is identified for the given dasat in a region, seismic hazard in terms of es#rdhatonditional

probability of earthquake occurrence in that regian be easily determined.

In the present work, four important models of comtius probability distributions, namely exponentgdmma,
lognormal and Weibull have been considered. Théairitity density functions of these distribution®ray with the
respective model parameters, their domains andifgpeoles are provided in Table 2 (Johnson et A095;
Murthy et al. 2004). It is seen that the exponéntisstribution is controlled by a scale parametdbne,
whereas the gamma, lognormal and Weibull distringiare controlled by a scale parameter (log-doallognormal) as
well as a shape parameter. The scale parametemite¢s the spread of the distribution, while thepsh parameter
determines the shape or appearance of the distribuetween these two controlling parameters,stigpe parameter is
more important in modeling as it depicts the monetoature of the hazard function (Johnson et &519he exponential

distribution that does not have any shape paranadterys provides only one type of appearance odetssity function;

it starts at the level of timé =0, and then monotonically decreases exponentiallyagd convex and stretched to the

right as @ increases. Moreover, the hazard function of aroeeptial distribution is constant, signifying thtae units

(e.g., intervened time gaps) do not degrade witie tiAlthough, this peculiar behavior of exponentiigtribution seems to
contradict in a way the physical assumption intalasbound theory, it is considered to be the Amdntal distribution in
modeling earthquake sequences due mainly to thetliat the number of earthquakes in a region fadlawvPoisson
process. Thus, theoretically, it seems appropt@atErgue that earthquake intervened time interwaltéch must follow an

exponential distribution (see, for more detailsgh@t al. (2005)).

Now, with the known density functiorf (t) of a positive random variablé, it is straightforward to obtain

unique function, hazard distribution functidﬁ(t), survival action S(t), hazard functionh(t), and reverse hazard

function r (t) as follows: F (t) :j f (u)du, S(t)=1-F(t), h(t) :%, andr (t) =ﬂ . In the present context,

the random variabl@ essentially denotes the earthquake intereventstiftime interval between two successive events)
providing a random sampl{eTl,Tz,-u ,T43} of size 43, the total number of selected earthgsiak the present case being

44 (Table 1).

In order to determine the conditional probabilitiy an earthquake above a certain magnitude to occ@am

elapsed time, we need to introduce another randariabMeV , corresponding to a waiting tinrve This conditional
probability, in the time intervﬁlr, T+V) , given that no earthquake in the same magnitudgeraas occurred if years
since the last event in a data set, can be expresse

F(r+v)-F(7)
1-F(7)

P(Vsr+v|Vzr)= (v>0)
)

Impact Factor (JCC): 4.8764 NAAS Ratj 3.73



Earthquake Probabilities in the Kumaun-Garhwal Himalaya from 35
Stochastic Modeling of Moderate-to-Large Seismic Eants

For estimating the scale and shape parameteredbthr different probability distributions as memted above,
the Maximum Likelihood Estimation (MLE) method idapted not only because of its flexibility and wiggplicability,
but also for its ability to provide the uncertairfasymptotic) measure in the estimates. In addioRisher Information
Matrix (FIM) based approach is employed as a sate®dgool to examine the uncertainty in the paramestimates in

terms of asymptotic variances and 95% two-sidedidence bounds in the following manner (Hogg e2805).
Let I ., (9) be the information matrix wheré = (6’1,6’2,-~,6’p) , for some integer, denotes the vector of parameters.

Then, I ., (6) is given by

_ _ [ 9°Inf(T;6) _1_[ 0%L(T;0)
Ipo(a) _(Iij (0))i'j=1'2;”1p ) E[ Wl =12, p _HE( T‘BHJ iJ=12p

! J

3)
Where E is the expectation operator antl(T;H) is the log-likelihood function ofn sample data

points{ ti,tz,ta,...,tn} . The FIM is a symmetric and positive semi-defimitatrix that provides a measure of the amount of

information an observed random sample carries allmeitunknown population parameté. This matrix is often

combined with the Cramer-Rao lower bound theorenog@d et al. 2005) to estimate asymptotically the

~ A\ -1
variance-covariance matriié of the estimated paramete(ﬁ) asZé Z[nl (0)} ; @ is the maximum likelihood

estimate of . The (1—5)% two-sided asymptotic confidence bounds on theredéd parameters readily follow from

the following inequality:

é— Zs)- [Vn (é):|i=l,2,~~,p <f< é+ %2 [V” (é)l=l2f”'p

Where [\/ii (6’)} is the vector of diagonal entries in the varianogariance matrix, and,, is the critical
i=1,2,~~,p

(4)

value corresponding to a significance Ieveldﬂ? on the standard normal distribution (Hogg et 8D%).

DATA PROCESSING AND RESULTS

The FIMs of four studied models of probability distitions are presented in Table 2, and for theselats,
the estimated values of the scale and shape paametth the uncertainties in their estimates awergin Table 3.
It is observed that the estimated shape parameéterboth Weibull and gamma distributions are lesanthl,
which suggests that the seismic hazard functien Tihe failure rate due to earthquakes) providethbge two probability
models is monotonically decreasing in the studyoregFurthermore, compared with the exponential ahotthe Weibull

model shows a ‘heavy-tailed’ behavior (the ‘taslrelatively thicker) in respect of the earthqudkéa set in this region.

We now turn to make an assessment as to whicheofoilr probability distribution models best reprasethe
present data set of selected earthquakes. Inabéd, we invoke two popular selection tests: thgimum likelihood test
with an improvement upon Akaike Information Criteri(AIC) and the non-parametric Kolmogorov-Smirn#¥S) test.

The maximum likelihood test actually utilizes likedod (or, log-likelihood) values to prioritize fBfent competitive
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models. Also, it assumes that the number of parensiét all the candidate distributions is the samerder to do away
with such a presumption, the Akaike criterion (AIG3 in modification expressed asAlC =2k -2InL,
wherek represents the number of parameters in a modellahd denotes the log-likelihood value (Pasari and Diksh
2014). From such an improved formulation of the AlCis clear that it is able to account for thade-off between a
superior fit from number of parameters in a modad éhe associated model complexity (Hogg et al.520The log-

likelihood and AIC values for each of the competingdels are given in Table 4.

On the other hand, in the non-parametric K-S testfirst construct the empirical distribution fuiect H,, for n

independent (11D type) random variablés T,,---, T as

1 n
H,(t) :ﬁ; |t o

()
Where |Tist is the indicator function, which equals 1Tf <t, and 0 otherwise. This rendetd,, (t) a step

function. Supposing that we have two competing rtooffeand, the corresponding K-S distances are calcuksed

D, = sup [H, (t) =F (t)

—oo<t<oo

D, = sup H,(t)-G(t)
co<t<oco (6)

In the above expression (65UQ denotes the supremium of a set of distances. éf,choose model,

otherwise we choose the model. The K-S distan@aoih of the candidate models is included in TablarH their relative

closeness (separation) to empirical distributiancfion is graphically represented in Figure 3.

From a scrutiny of the numerical figures availaiieTable 4, it turns out that the AIC value of tognormal
probability distribution model stands out minimutl@.97) among those of the other models. This ispthat the
lognormal distribution is the most optimum fit, ciehering the trade-off between the model compleaitd the model fit,
at the interevent time intervals of the presenadat of earthquakes in the study region. The KEs$ also favours the
lognormal distribution, being the ‘closest’ (smatlseparation) to the empirical distribution fuoatiof the observed data
(Figure 3). Therefore, it is well justified to agppghe lognormal probability model to determine tmnditional probability

of future earthquakes in the study region.

We have consolidated in Table 5 the estimated ¢iondi probabilities of occurrence of an earthquakehe
magnitude range 5 to 6.3 in the study region withimmnext 1 to 5 years, assuming elapsed time®ifabsof earthquake)
over similar time-intervals since the last deteatednt on 06 February 2017 in the observed datarkese results are
illustrated by a family of curves plotted in Figutaedepicting conditional probabilities of futurergmuakes in the coming
years in the study region. These curves also gerwder seismic hazard and the associated risifet@nd property in the

region.
DISCUSSIONS AND CONCLUSIONS

In recent years, the probability distributions aftbquake intervened times have been regularly tsetbduce
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important information such as the recurrence patéerd mean waiting time for future earthquakesvlmous scientific
and engineering applications including smart citlanping, seismic hazard assessment and risk nidigat
and nationwide earthquake insurance program (Pasad Dikshit 2014). The best-fit probability model,
given a set of systematically catalogued earthgajad@n not only determine future seismicity in\aetiegions, but also be
employed as a secondary tool to realize the phlysieghanism of earthquake preparation in thoseonsg{Hsu et al.
2009). At times, the probability model formulatios further simplified by reducing the complex dyriesnof the
‘earthquake machine’ to conform to a point progé#tsu 1984). This in turn implies that the complted involved in the
physics of rupture initiation, propagation and giog are ignored, and the earthquakes are considerde ‘events’
characterized only by spatio-temporal occurrendéepa(time, location and magnitude). In this relyahe present study
by examining four different probability distributie in the Kumaun-Garhwal region of the Central Haya and fixing

one that is most optimum projects future seismikitihat region reasonably well.

Quite often, it has been argued that continuousaanpaign mode geodetic observations that enabl@inmof
elastic strain rates through measurements of dispiant fields is a more realistic way than the philistic approach to
earthquake hazard assessment in a seismicallyeaction (Shen et al. 2007). The geodetic dataateeetonic plate
kinematics and the associated Geodynamics, wheheaprobabilistic earthquake modeling addressessthehastic
repeating nature of the earthquake process. Ir ¢todend credence to the latter approach, marsares groups routinely
collect data from networks of GPS (Global PositigniSystem) to decipher horizontal deformations stndin rates to
integrate them with regional historical earthqualkaa towards an improved understanding of earthgjuakurrence
processes (England and Molnar 1997; Qin et al. 20hcha et al. 2006; Shen et al. 2007; Hsu eR@09).
Thus, we are inclined to believe that empiricalckstic modeling can be gainfully combined with Iggizal,
paleoseismological and geodetic investigationsdidr@ss many open questions on earthquake triggpromesses in the

Himalayan orogen.

For the present, it turns out that the lognormabgbility distribution best represents the interguanes through
the internationally catalogued earthquakes of matderto large magnitude over the last six decadesthin
Kumaun-Garhwal region. The estimated conditionabpbilities of future earthquakes in that regian, farying elapsed
times of assumed seismic quiescence since th&nasin event on 06 February 2017, point to modeydsebe seismic

hazard in the central Himalayan domain.
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Table 1: List of Selected Independent Earthquake£55 m < 6.3 in the Study Region

. Source | Magnitude
Date Location Depth %mh)
Sl Latitude | Longitude
Year | Month | Day (°N) E) (km) *
1 1958 12 28 29.926 79.900 15 5M:(5.9)
2 1964 9 26 29.960 80.460 50 5.9
3 1965 5 13 29.620 80.190 75 5.1
4 1966 6 27 29.620 80.830 33 6.0
5 1968 1 5 30.410 79.250 07 5.0
6 1968 5 31 29.910 79.920 33 5.0
7 1969 3 3 30.040 79.840 18 5.1
8 1969 6 22 30.500 79.400 15 5.3
9 1976 5 10 29.327 81.458 22.2 5.2
10 1976 9 29 29.502 81.508 33 5.0
11 1978 1 7 30.513 79.404 33 5.1
12 1979 5 20 29.932 80.270 15.8 5.7
13 1980 7 29 29.629 81.091 23.8 6.1
14 1981 3 06 29.799 80.664 23.6 5.1
15 1984 2 19 29.843 80.544 21 5.1
16 1984 5 18 29.520 81.793 X 5.6
17 1990 9 21 29.985 79.907 18.7 5.1
18 1991 12 9 29.512 81.611 02.9 5.6
19 1996 3 26 30.692 79.103 41.8 5.3
20 1997 1 5 29.874 80.565 24.9 5.4
21 1999 3 28 30.511 79.421 22.9 6.3
22 2001 11 27 29.691 81.716 22.6 5.5
23 2002 6 4 30.566 81.420 10 5.4
24 2003 4 4 30.086 80.040 27.7 M, 6.1)
25 2003 5 27 30.556 79.337 28.9 5.0
26 2004 10 27 30.848 81.189 X 5M2¢(5.0)
27 2005 9 5 30.454 79.247 48.3 M, 6.1)
28 2005 10 25 30.127 81.111 41.5 5.0
29 2005 12 24 30.515 79.250 36.9 5.2
30 2006 2 1 30.318 80.388 09.5 5\ (5.3)
31 2006 8 5 29.865 80.188 14.% 5\, (6.0)
32 2008 9 4 30.242 80.382 08.9 5.0
33 2009 10 3 30.018 79.827 24.5 5, 6.1)
34 2010 2 22 29.987 80.069 20.5 5% 6.3)
35 2010 6 22 29.910 80.460 20.4 5.1
36 2011 4 4 29.627 80.729 17.4 5.6
37 2011 5 4 30.216 80.415 23 5M, (5.0)
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Table 1: Contd.,

38 2011 6 20 30.551 79.319 26.6 M 6.2)
39 2012 2 26 29.614 81.005 17 5\, (5.0)
40 2012 7 28 29.852 80.599 23 S\, (5.2)
41 2012 11 11 29.405 81.447 27 5V 6.6)
42 2015 4 1 30.515 79.539 18 5.0
43 2016 12 1 29.902 80.551 21.8 5.2
44 2017 2 6 30.670 79.210 10 5.3

(*) For some of the earthquakes, thgimal values of other types of magnitude, as regabin the ISC

catalog, are provided within brackets alongsidecthreesponding converted value.

x Not available.

79°E 80°E 81°E

79°E 80°E 81°E
Figure 1: The Study Area in the Kumaun-Garhwal Regbn of Central Himalaya Showing Epicentral Locations
(Colour-Coded Solid Circles) of Independent Earthgakes (5< I, < 6.3) that Occurred there During the Period
1958-2017 (As Listed in Table 1)
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Figure 2: lllustration of the Time-Completeness TesConforming to VCM (Mulargia and Tinti, 1985) Operated on
the Catalog of Earthquakes in the Study Region thaGave the Working Data Set in the Magnitude Range

5<m, < 6.3 (As Listed in Table 1) Covering a Period of Six Deades Since 1958. The Best-Fit Linear Trend through
the Data Points of the Cumulative Number of Earthqakes as a Function of Time Confirms ‘Completeness

Impact Factor (JCC): 4.8764 NAAS Ratj 3.73
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Table 2: Probability Distributions, Density Functions (PDF) and Associated Fisher Information MatricegFIM)

1 -+
Exponential —e“ [>=0 «-scale =0 Lz
o o
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4 1 o —scal ax>0 ) -
Gamma t ﬁtﬁ_ﬁ a >0 G- s:ae B0 & @
o shape 1,
— V(5
o
2
a_IOQ' —oo < o < W0 E 0
Lognormal | ex{%[]”ﬁ’“) } £>0 scale | 4.,
#=shape 0 L
ﬁz
- (t+w(1)
(1Y a- a>0 2 vl
weibul | B 1, 2 >0 #-scae 520 1 «
o shape —E(1+w(1)) — (' (1)+y*(2))

T ¢(x) andy'(x)denote the digamma function and its first derivatigspectively

Table 3: Estimated Values of the Scaled( ) and Shape () Parameters Along with Their Asymptotic Standard
Deviations and Confidence Bounds for Four DifferenfTypes of Probability Distribution Models Studied

Exponential | a 1.3522 | o, 0.2062 0.9480 1.7564

a 1.639% | o, 0.4116 0.8329 2.4463
Gamma

B 0.8248 | 0, 0.1539 0.5232 1.1264

a | -0.3044 | o, 0.1227 -0.5449 -0.0639
Lognormal

B 1.1381 | Oy 0.1736 0.7978 1.4784

_ a 1.3004 | o, 0.2250 0.8594 1.7414

Weibull

B 0.9281 | 0, 0.1104 0.7117 1.1445
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Figure 3: lllustrative Plot of the K-S Test ShowingCumulative Distribution Function as the Difference(Separation)
between the Estimated Distribution Function and theEmpirical Distribution Function for Each of the four
Probability Models Applied to the Observed Earthquéke Data Set

Table 4: Model Selection and Validation by two Different Goalness-of-Fit Tests

Model Maximum Likelihood Test K-S Test
distribution InL AIC K-S distance
Exponential —55.98 113.95 0.0992
Gamma -56.25 116.49 0.0864
Lognormal -53.49 110.97 0.0467
Weibull -55.75 115.50 0.0800

InL: log-likelihood value; AIC : value using Akaikeformation Criterion.

Table 5: Estimates,Basedon Lognormal Distribution Model, of the Conditional Probabilities of an Earthquake
(5S m, < 6.3 to Occur in the Next v Years in the Study Region, Assuming Absence of Bhaiquake in the Same
Magnitude Range overr Years (Elapsed Time) Since the Last Event on 06 Bieiary 2017

r —» Elapsed Time (Years) Since the Last Listdgvent on
V' (Years) February 06, 2017

1(2018) 2 (2019) | 3(2020) | 4 (2021)| 5 (2022)

1 0.52 0.43 0.37 0.33 0.29

2 0.72 0.64 0.57 0.52 0.48

3 0.83 0.76 0.70 0.65 0.61

4 0.88 0.83 0.78 0.74 0.70

5 0.92 0.87 0.83 0.80 0.76

Impact Factor (JCC): 4.8764

NAAS Ratj 3.73
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Figure 4: Conditional Probability Curves (Construed as Seismic Hazard Curves) of Occurrence of an Editjuake
of Magnitude 5< m, < 6.3 in the Coming Years in the Study Region for an Elpsed Time (Assumed Earthquake

Absence) ofT =1, 2,3, 4, % Years since the Last Event on 06 February 2017
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