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Abstract  To gauge the risk of future earthquakes, one must first understand the earthquake hazard and related 
earthquake engineering determinations; which usually need estimate of return periods, probabilities of exceedance of 
specific levels of design load criteria or extremal safety conditions. Himalayan region 29°N - 33°N latitude and 75°E - 
81°E longitude which exclusively include Himachal Pradesh and Uttarakhand adjoining have been considered for potential 
earthquake hazard analyses. This region is one of the most seismically active due to Indian and Eurasian plate collision 
where large to great earthquakes have occurred in the past. Fifty five years of earthquake data from the year 1963 to 2017 
with Mw≥4.0 have been taken from the catalogue of USGS and ISC. The analyses indicate that the earthquake occurrences 
agree with the Gumbel’s Type I extreme distribution function applied to those maximum magnitude data with novel 
correlation (0.87). Hazard in the region have been quantified in terms of return periods and probabilities of occurrence of 
earthquake of any given magnitude. The line of expected extremes (LEE) based on 55 years (1963-2017) of seismicity for 
the region has been plotted. The medium to large size earthquakes have been predicted. Study indicates that the most 
probable largest annual earthquakes are close to 4.9 and the most probable earthquake that may occur in an interval of 50 
years is estimated to be 7.3. 
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1. Introduction
The ultimate goal of seismic hazard assessment and risk 

evaluation for a particular site or area is to abridge seismo 
tectonic knowledge and experience used for predicting 
seismic parameters which in turn can be applied by 
engineers in design and subsequent earthquake resistant 
construction. Several investigations support researches on 
the likelihood of future earthquakes. Several investigations 
support researches on the likelihood of future earthquakes. 
It increased public and government awareness regarding 
seismic activities in Central Himalaya exclusively Himachal 
Pradesh and Uttarakhand have motivated scientists and 
researchers in earthquake engineering to deliberate the new 
theoretical approach to assess the speedy impending hazard 
with limited data set of the region. Seismic hazard analysis 
has been an element of good engineering design practice in 
modern countries for many decades. Assessing the 
probability of rare and extreme events is an important issue 
in the risk assessment. Extreme value theory provides the 
solid fundamentals needed for the statistical modelling of 
such events and the computation of extreme risk measures. 
Recently, numerous research studies have analyzed the 
extreme variations [4-7, 12, 13, 17-19, 21-23, 27, 28]. Thus  
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the use of extreme value now has a lengthy history in 
several branches of science, including earthquake 
recurrence estimation. This study estimates the return 
periods and probability of earthquake occurrences, which 
would be very helpful for future preparedness planning and 
even construction practices in the considered area.  

2. Regional Tectonic Characteristics
The considered region falls within 29°N - 33°N latitude 

and 75°E - 81°E longitude and is located in Himalayan range 
(Fig. 1). This region comes under the Zone IV (severe) and 
Zone V (very severe) of the seismic zoning map of India (IS: 
1893 - 2002) with damage intensity of VIII and IX, 
respectively. It is seismically a very active region and 
cascades in the zone of continental collision of the Indian and 
Eurasian plates [3]. The seismic activity of this area is 
closely associated with the several active faults running 
nearby and the dynamic regional tectonic features.  

The region is in the lap of Himalayas, and the Himalayan 
orogeny resulted in the formation of a large number of major 
faults in this region. Seismotectonics of the region is related 
to the regional tectonic features like thrusts and faults, their 
interactions and clustering of epicentres at places. Thus, the 
frequent seismic activities observed in this region are due to 
ruptures at these thrust faults formed by the subduction of the 
Indian plate below the slow moving Eurasian plate [32]. 
Some of these prominent faults are the Main Frontal Thrust 
(MFT) [31], the north-west-south-east trending Main 
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Boundary Thrust (MBT) and Main Central Thrust (MCT) 
running parallel to Himalayas [1] and other local transverse 
faults across the area [15]. A highly devastating earthquake 
of magnitude 7.8 on the Richter scale occurred in 1905 

within the study area. Despite the seismicity, the increase in 
the population in the high seismicity regions of this state has 
led to increase in the seismic vulnerability. 

Figure 1.  Tectonic map of the considered region. Major and minor faults and other important lineaments are also shown 

3. The Data
Study investigates the seismicity data from the year 1963 

to 2017 with Mw≥4.0 in the region bounded by 29°N - 33°N 
latitude and 75°E - 81°E longitude have been taken from the 
catalogue of USGS and ISC. Prepared seismotectonic map is 
presented in Fig. 2. 

In order to study the earthquake risk, probability of 
occurrence and return periods, the earthquake data 
distributed over 55 years periods has been divide into one 
year time interval such as at least one event in each year 
duration is observed, which is necessary condition of the 
validity of the approach. In our case, in only few years no 
events are re-ported, so for the continuity of the data Mw=4 
has been assumed for that years. 

4. Method of Analysis
Various statistical models have been proposed to the 

analyses of earthquake occurrence with different degrees of 
success [6]. The earthquakes occurrence in space and time 
can be explained through stochastic processes, which are 

mathematical models of a given physical system change in 
accordance with the laws of probability [3]. These models 
have usually incorporated the Poisson distribution, or 
extended to clustering of events using Markovian models of 
non-independent events. Estimates thus obtained are often 
unconvincing because of incompleteness in the data sets or 
inherent uncertainties in the distributed parameters, which 
simply ignored. However, the extreme value method has 
certain clear and obvious advantages as far as the requisite 
data are concerned when compared with methods requiring 
the whole data set, which is rarely completely reported. 
Gumbel’s Type I, which uses extreme value statistics, need 
only part of the data (the largest earthquakes i.e. extremes). 

In the present study, Gumbel’s model based on the 
extreme value theory is used for the calculations. Although, 
the details of the theory have been given in [30], some steps 
are also presented here. The Gumbel distribution is a 
particular case of Fisher and tippet distribution and is used 
here for estimation of Gutenberg–Richter parameters, a and 
b. Gumbel’s [6] extreme value theory postulates that if the
earthquake magnitude is unlimited, if the number of 
earthquakes per year decreases with their increase in size, 
and if individual events are unrelated, then the largest annual 
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earthquake magnitude is distributed by cumulative 
distribution function G(m), where 

𝐺(𝑚;  𝛼,𝛽)  =  exp [–𝛼 exp (–𝛽𝑚)]   𝑚 ≥ 0 (1) 
where α is the average number of earthquakes with 
magnitude > 0 per year, β is the inverse of the average 
magnitude of earthquakes under the considered region, and 
m is the maximum annual earthquake magnitude. The 
probability integral transformation theorem and 
manipulation of equation (1) gives the relation: 

– ln [– ln (𝑝𝑚)]  =  𝛽𝑚𝑖 –  ln (𝛼) (2) 
where, pm represents the plotting position. The mean 
frequency of i-th observation in the ordered set of extremes 
may be represented as 

𝑝𝑚 =  𝑖
𝑁+1

 (3) 

where, N is the total number of observed data. The 
relationship between Gumbel parameters α and β and 
Gutenberg-Richter parameters a and b can be given by the 
expression 

𝑏 =  𝛽 𝑙𝑜𝑔10 𝑒   (4) 
and 

𝑎 =  𝑙𝑜𝑔10 𝛼   (5) 
The expected number of earthquakes, 𝑁m, in a given year 

having magnitude exceeding 𝑀 can be expressed by the 
Gutenberg- Richter seismicity relation as 

𝑙𝑜𝑔10 𝑁𝑚 = 𝑎 − 𝑏𝑀     (6) 
Where, 𝑎 and 𝑏 are constants. From equation (6) we get 

𝑁𝑚 = 10𝑎−𝑏𝑀    (7) 
The probability of at least one earthquake of magnitude ≥ 
𝑀 occurring within one year is given by the Poisson process 
a 

𝑝 = 1 − 𝑒−𝑁𝑚 = 1 − 𝑒−10𝑎−𝑏𝑀 = 1 − 𝑒−𝑒ln10
𝑎−𝑏𝑀   (8)

After derivation equation (8) becomes 

𝑀 = 𝑎
𝑏
− 1

𝑏 ln10
ln [− ln(1 − 𝑝)] (9)

where, p lies in the interval (0,1). 
The probability of at least one earthquake of magnitude 

≥ 𝑀 within t years can be given by the equation 

𝑝 = 1 − 𝑒−𝑁𝑡 = 1 − 𝑒−�10𝑎−𝑏𝑀�∗𝑡  (10) 
The expected number of earthquakes in a given year 

which have magnitude exceeding m can be found using Eq 
(11) 

ln𝑁𝑚 = ln𝛼 − 𝛽𝑚        (11) 
and the return period of earthquakes having magnitude 
greater than m is given by: 

𝑇𝑚 = 1
𝑁𝑚

= exp(βm) /α    (12) 

Figure 2.  Seismotectonic map of the considered region 
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This paper utilizes the 55- years earthquake data from 
1963 to 2017 with M ≥ 4.0 (Fig 2) for the considered region 
to study the earthquake risk, probability of occurrence and 
return periods.  

5. Results and Discussion
The annual maximum magnitudes of seismic events 
observed in the considered region from the year 1963 to 
2017 are shown in Table 1. The events are arranged in rank 
order, and the values of cumulative frequency probability 
are calculated using Eq (3). The Extreme Event Type I 
reduced variant is then calculated as per Eq (2). The 
obtained results from this process are given in Table 1. 

Table 1.  Calculations of Gumbel's Annual Maximum Distributions 

Extremes Rank (i) Plotting 
Position (Pm) 

Reduced Variate 
ln(-ln(Pm)) 

4 1 0.017857 1.392614 

4 2 0.035714 1.203637 

4 3 0.053571 1.073892 

4 4 0.071429 0.97042 

4 5 0.089286 0.882076 

4 6 0.107143 0.803611 

4 7 0.125 0.732099 

4 8 0.142857 0.66573 

4.9 9 0.160714 0.603293 

4.9 10 0.178571 0.543933 

4.9 11 0.196429 0.487017 

5 12 0.214286 0.43207 

5 13 0.232143 0.378712 

5 14 0.25 0.326634 

5.1 15 0.267857 0.275586 

5.1 16 0.285714 0.225352 

5.1 17 0.303571 0.17575 

5.1 18 0.321429 0.126614 

5.1 19 0.339286 0.077805 

5.1 20 0.357143 0.029189 

5.2 21 0.375 -0.019357 

5.2 22 0.392857 -0.067947 

5.2 23 0.410714 -0.116693 

5.2 24 0.428571 -0.165702 

5.2 25 0.446429 -0.215082 

5.2 26 0.464286 -0.264937 

5.2 27 0.482143 -0.315376 

5.2 28 0.5 -0.366513 

5.2 29 0.517857 -0.418465 

5.2 30 0.535714 -0.471357 

5.2 31 0.553571 -0.525321 

5.3 32 0.571429 -0.580506 

Table 1.  Continued…. 

5.3 33 0.589286 -0.637062 

5.3 34 0.607143 -0.695167 

5.3 35 0.625 -0.755015 

5.3 36 0.642857 -0.816823 

5.4 37 0.660714 -0.880841 

5.4 38 0.678571 -0.947353 

5.4 39 0.696429 -1.016693 

5.5 40 0.714286 -1.089241 

5.5 41 0.732143 -1.165459 

5.5 42 0.75 -1.245899 

5.5 43 0.767857 -1.331231 

5.5 44 0.785714 -1.422285 

5.5 45 0.803571 -1.520101 

5.6 46 0.821429 -1.626026 

5.6 47 0.839286 -1.741806 

5.6 48 0.857143 -1.869826 

5.8 49 0.875 -2.013419 

5.9 50 0.892857 -2.177462 

6 51 0.910714 -2.369512 

6.6 52 0.928571 -2.602226 

6.7 53 0.946429 -2.899344 

6.8 54 0.964286 -3.314084 

6.8 55 0.982143 -4.016364 

Table 2.  Estimated Gumbel’s Parameters α and β 

Statistics Value 

Slope(-β) -1.6452 

β 1.6452 

Intercept(ln(α)) 8.0225 

α 3048.790 

Figure 3.  Variation of maximum magnitude with year 

Variation of maximum magnitude with time (years) 
indicates a very peculiar behaviour. Figure 3 shows that from 
year 1963-1975 and 1991-1999 maximum magnitude 
increases, but period 1976-1989 decreases. From year 2000 
afterwards continued decreasing trend up to 2022. This 
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suggests that there is no possibility of large (M≥6.5) 
earthquakes in this region. The line of expected extremes 
(LEE) based on 55 years (1963-2017) of seismicity for the 
region has been plotted as shown in Figure 4. 

Figure 4.  Variation of extreme magnitude with probability 

Figure 5.  Plot of Reduced Variate with Maximum magnitudes to estimate 
α and β (Table 2) 

Figure 6.  Variation of Probability with Year 

Figure 7.  Earthquake hazard in Central Himalaya for different periods 

Table 3.  Predicted yearly number of earthquakes with their return periods 

Magnitude Yearly Expected 
Number (Nm) 

Return Period 
(Tm) 

4 4.227 0.236 

4.5 1.857 0.538 

5 0.815 1.227 

5.5 0.358 2.793 

6 0.157 6.369 

6.5 0.069 14.493 

7 0.030 33.33 

7.5 0.013 76.923 

8 0.006 166.667 

8.5 0.003 333.33 

9 0.001 1000 

Figure 4 inferred the mean Line of Expected Extreme 
(LEE) to study the probability of largest earthquake in the 
considered region. The model demand that the value α and β 
stated in Table 2 and derived from figure 5 do not vary much 
if one uses long or short duration of data. Seeing the 
importance of economics as well as safety before making 
any investment for the development in an area, seismic 
hazard and risk update is decisive. The variation of 
maximum magnitude with year has been shown in Fig 3 
which indicates that maximum magnitude increases with 
time in the considered region.  

The earthquake early numbers and their return period 
for different magnitude expected in the region summarized 
in Table 3. These indicate that as return period increases, 
frequency of earthquake occurrences decreases. The 
earthquake occurrences probabilities for different 
magnitudes with time are also accessible from Figure 6 & 7. 
These observations suggest that within hundred year period 
probability of occurrence of larger magnitude earthquakes 
decrease with time. Study indicates that the most probable 
largest annual earthquakes are close to 4.9 and the most 
probable earthquake that may occur in an interval of 50 years 
is estimated to be 7.3. This study is useful for engineering 
investigations at particular site and decision making 
problems for planning to develop certain region for 
infrastructural activities. 
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