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Abstract
A new stochastic ground motion prediction equation (GMPE) for low and diverse seismic-
ity region, i.e., Peninsular India has been derived for a wide range of magnitude ( M

w
 4–8) 

and distance (10–500 km). Source, path, and site terms have been determined by compar-
ing the recorded and simulated response spectra using derived values from the literature. 
Uncertainty has been assessed through simulation by random sampling of the correspond-
ing distribution of all the input parameters. To capture the non-uniform seismicity of Pen-
insular India, GMPE has been derived using constant stress and variable stress model. The 
synthetic data has been regressed using linear mixed-effect model algorithm by determin-
ing the functional form that is compatible for magnitude and distance scaling. Sensitivity 
analysis has been used in determining the impact of uncertainty of each input parameter on 
GMPE standard deviation. Further, new GMPEs have been validated using the recorded 
ground-motion data.

Keywords  Peninsular India · Seismicity · GMPE · Intra plate · Crossed and nested 
regression

1  Introduction

Peninsular India was once considered as a stable continental region. However, the fre-
quency of moderate earthquakes has increased in the last few decades. Significant earth-
quakes such as 1967, Koyna ( Mw 6.3); 1993, Latur ( Mw 6.1); 1997 Jabalpur ( Mw 5.8); 
2001 Bhuj ( Mw 7.6) grab the attention of many researchers for reliable estimation of hazard 
values. Because of the scarcity of recorded data; till date, unresolved issues exist regarding 
the determination of the ground motions for specific magnitude, distance, and site condi-
tion in Peninsular India. Empirical ground motion prediction equation (GMPE) is one of 
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the most preferable ways for estimating the ground motion as it can be advanced with the 
regional attenuation characteristics.

Many researchers have highlighted the possibility of the occurrence of earthquakes in 
Peninsular India (PI) because of reactivation of faults. However, till date, only one regional 
GMPE (Raghukanth and Iyengar 2007) is available for PI, which underpredicts the peak 
ground acceleration (PGA) for various regions in PI (Anbazhagan et al. 2016). Moreover, 
the lack of recorded ground motion data makes hazard prediction more challenging for 
PI. However, the advancement in the ground motion simulation algorithms and regression 
techniques help in resolving this issue theoretically. A significant challenge in the simula-
tion of the ground motion is the proper calibration of its variability that can be reflected by 
the variation of the simulation. It is resolved by studying the impact of the distribution of 
the stochastic model’s inputs resulting in between-event and within-event ground motion 
variability.

The present study aims at developing a robust GMPE for Peninsular India by varying 
the seismotectonic parameters. The synthetic ground motion data has been generated using 
the Finite-Fault stochastic model (EXSIM) developed by Motazedian and Atkinson (2005) 
and improved by Boore (2009). The recorded and simulated response spectra have been 
compared to determine the site-dependent source and site parameters, i.e., stress drop, ane-
lastic attenuation, kappa, and corner frequency for PI. The simulation of PGA and spec-
tral acceleration (0.01–10 s) has been performed for a wide range of moment magnitude 
(4–8) and hypocentral distance (10–500  km) for standard rock condition having VS30 of 
2000  m/s. Considering the diverse seismicity of PI, variable and constant stress GMPE 
models have been used for capturing the ground motion variability in PI. The functional 
form that represents the magnitude and hypocentral distance scaling have been selected 
based on the mixed effect analysis approach. The simulated ground motion has been 
regressed using linear mixed effect approach. Further, all the input parameters have been 
considered as random variables, and the uncertainty in the simulation have been accom-
plished through random sampling of the input parameters distribution. Sensitivity analysis 
has been used to assess the impact of the uncertainty of each input parameter on the final 
GMPE uncertainty. Finally, the new GMPEs have been tested with the available recorded 
strong motion data.

2 � Geology, seismicity, and seismotectonic of Peninsular India

Peninsular India is referred as one of the oldest geological formation landmass and tec-
tonically stable continental crust. The geological provision of Southern India, part of 
the study area, is shown in Fig. 1. Majorly, PI is classified as Gneissic complex/Gneissic 
granulite with primary inoculation of greenstone and allied supracrustal belt. The geo-
logical feature of PI is the union of various crustal terranes that were assembled due to 
geodynamic processes running from mid-Archean to Neo-Proterozoic time and a few 
sedimentary basins. Tectonically and geologically PI can be majorly divided into Dec-
can Volcanic Province (DVP), Dharwar craton (DC), South Granulite Terrain (SGT), 
Cuddapah basin (CB), Bastar Craton and Eastern and the Western Ghats. DC is one of 
the most prominent cratons of PI and considering to the metamorphism, lithologies, and 
formation ages; it is further classified as, Eastern Dharwar Craton (EDC) and Western 
Dharwar Craton (WDC) (See Fig. 1). The eastern portion of EDC is resided by the Cud-
dapah Basin, which is a sedimentary basin and comprises of igneous and sedimentary 
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rocks of the Cuddapah and Kurnool Groups. The southern part of PI consists of Archean 
metamorphic terrain (2.6 Ga), called as the SGT, comprising of polydeformed Archaean 
and Proterozoic high-grade metamorphic and magmatic rocks (Meert et al. 2010). DVP 
covers the large part of PI and result of stupendous outburst of volcanic energy. DVP 
overlies the Precambrian basement of cratons and mobile belt of Indian shield of several 
layers with variable thickness (Subbarao and Hooper 1988).

Seismotectonic of PI has been permeated because of the occurrence of nonuniform 
micro-seismicity belts from the faults developed due to the amalgamation of various 
geological blocks. Being a stable continental region, PI has irregular seismicity. For 
example, microseismicity has been observed near to SGT, whereas, EDC has moderate 
seismicity. Rao (2000) concluded the increase in heat flow rifts like Godavari, Damodar-
Mahanadi, Aravali and Saurashtra-Narmada-Son lineament which is a reliable indicator 
of increasing intraplate deformation in the lithosphere of PI (See Fig. 1). A nonuniform 
thickness below the Peninsular Indian Shield indicated juxtaposition of cratonic blocks 
of discrete thickness, geology rifts, and faults and resulted in the accumulation of stress 
and release of strain energy in the form of microearthquakes (Gupta and Kumar 2002). 
PI is also covered by various faults, ridges, shear zones and tectonic lineaments. Rastogi 
(1992) indicated the NW–SE, NE–SW, NNW–SSE, and WNW–ESE trending sets of 
faults in PI. Various researches (Gupta 2006; Ramaswamy 2006; John and Rajendran 
2008 etc.) presented and mapped the active tectonic feature (lineaments and faults) in 

Fig. 1   Geological structure, major faults and significant earthquakes in Peninsular India
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PI. In addition to land faults, PI is also surrounded by diverse and complex tectonics 
features along the Indian ocean (Murthy et al. 2011).

3 � Database used

The available recorded ground motion for PI is taken from the Indian seismic and GNSS 
network (ISGN) and different published literature. The available instrumental ground 
motion data consists of 21 recorded moderate earthquakes occurred in PI. Out of 21, 17 
recorded earthquakes from 2010 to 2018 are taken from ISGN with Mw of 4.0–5.2 and 
a hypocentral distance ( R ) between 30 and 500 km (Fig. 1). In total, 85 recorded ground 
motions are available, out of which 52 have been used in the study and remaining 
are ignored because of poor signal to noise ratio (Fig. 1). The obtained database has been 
baseline corrected, instrument corrected, and band-pass filtered between 0.25–0.9 Hz and 
25–27  Hz. Further, three earthquakes near to Koyna-Warna region is taken from Gupta 
and Rambabu (1993). Additionally, the aftershock of 1993 Killari earthquake is obtained 
from Baumbach et  al. (1994). The two ground motions of 1997 Jabalpur earthquake are 
collected from Singh et  al. (1999). The detail of these five earthquakes is also available 
in Iyengar and Raghu Kanth (2004). Most of the instrument data is available only after 
1980 (Anbazhagan et  al. 2015). Before that only isoseismal maps are available. Isoseis-
mal maps from seven earthquakes, i.e., 1990 Coimbatore (6.3 Mw ); 1967 Koyna (6.5 Mw ); 
1993 Killari (6.1 Mw ); 1938 Satpura (6.3 Mw ); 1969 Bhadrachalam (5.7 Mw ); 2000 Pala 
(4.7 Mw ); and 1975 Shimoga (4.7 Mw ) have also been used. Details of these Isoseismal 
maps are given in Anbazhagan et al. (2013). Modified Mercalli Intensity (MMI) has been 
converted to PGA using MMI-PGA relation proposed by Nath and Thingbaijam (2012). 
As, this is the only equation available for region and used in the study with inherent uncer-
tainty. Total 21 recorded and 7 non-instrumental earthquakes are further used in determin-
ing the seismological parameters for simulating the synthetic ground motions. The detail of 
these earthquakes is given as Table 5 (appendix). The database does not have instrumental 
data for the entire range of magnitude and distance; hence it cannot be used for empirical 
ground motion.

4 � Simulation parameters

The simulated time histories obtained from the algorithm proposed by Motazedian and 
Atkinson (2005) is based on a given set of parameters, which varies from site to site. For 
simulating a large number of ground motions, these model parameters need to be defined, 
so that variability in a GMPE can be captured. To account these variabilities; stress model, 
duration model, attenuation model and focal depth have been estimated based on the 
recorded waveform in Peninsular Shield of India.

4.1 � Stress drop

The dependency of stress drop on magnitude size is still debatable. Researchers (e.g. Ide 
et al. 2003) concluded dependency of stress drop (Δ�) on size of the earthquake. However, 
few studies (e.g. Allmann and Shearer 2009) highlighted that for large earthquakes; stress 
drop remains constant. Considering locally recorded earthquakes near to Koyna  Dam, 
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Gupta and Rambabu (1993) derived the source parameter for earthquake size varying from 
3.2 to 6.5. Using the same algorithm, Yadav et al. (2013) calculated the stress drop for 38 
local earthquakes near to Koyna-Warna region. In this study, stress drop is also calculated 
for earthquakes recorded in Maharashtra and Karnakata–Maharashtra boundary. Consider-
ing the previously and recently derived stress drop, a new relationship between stress drop 
and magnitude has been derived for PI. Figure 2a shows the variation between the stress 
drop and moment magnitude. The relation between Δ� and Mw is given as

 
As 6.5 (Koyna Earthquake) is the maximum recorded earthquake in PI, however, the 

ground motion data is simulated till Mw 8. Hence, similar to Darragh et  al. (2015), for 
Mw > 6.5 , the above equation is extrapolated till 8 Mw and stress drop is determined.

Singh et  al. (1999) concluded the stress drop variation of 100 to 300 bars for Penin-
sular Indian shield, which was further used by Raghukanth and Iyengar (2007). Allmann 
and Shearer (2009) suggested that for the larger magnitudes, stress drop remains con-
stant, a similar assumption was considered by Drouet and Cotton (2015). Furthermore, the 
approximate mean value of variation of stress drop of 30 bars and 60 bars for interplate 
and intraplate region respectively was reported by Allmann and Shearer (2009). Bajaj and 
Anbazhagan (2018a) calculated the stress drop for the Himalayan region and concluded a 
constant stress drop of 50, 100 and 150 bars for Mw more than 5.5. However, in this study, 
for the constant stress drop model, the mean variation of stress drop at different magnitudes 
has been found (See Fig. 2b). A jump of approximate of factor two in stress drop has been 
observed for Mw greater than 5.5. Hence, the resulting constant average stress drop of 150 
bars is considered for Mw less than 5.5 and 300 bars for Mw more than 5.5. Magnitude-
dependent stress drop value uncertainty varies from 0.2 for large events and 0.5 for smaller 
events on log10 scale. Hence in this study, both dependency and independency of stress 
drop on magnitude is considered for simulating ground motions.

4.2 � Attenuation and duration

The attenuation parameter has been divided into two parts, one being geometric spread-
ing and other being anelastic attenuation. Former is a predominant scattering of energy 

(1)log (Δ�) = 0.358Mw + 0.551
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Fig. 2   a Inverted stress drop versus moment magnitude from the present and previous study for different 
parts of Peninsular India and b model stress parameter used for simulating the ground motion using vari-
able and constant stress model. Open square represents the average stress at a particular magnitude along 
with standard deviation
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because of small-scale heterogeneities, discontinuities, and fractures, and the latter is a pre-
dominant dissipation of energy in micro-cracks, joints of the rock masses, and partial melts 
(Frankel and Wennerberg 1987). Due to the lack of the near-field data, these attenuation 
factors have not been derived in this study, instead considered from the published literature.

Based on the far-field data, Singh et al. (1999) defined the geometric spreading param-
eter for PI Shield. Both linear and bilinear functional form of geometric attenuation have 
been tested considering the recorded data of PI Shield near Maharashtra, Hyderabad, and 
Vishakhapatnam with 4.8 ≤ Mw ≤ 6.0 . The response spectra of the recorded and simulated 
ground motion data have been compared. Response spectra simulated from bilinear func-
tion form is giving a better result than linear one for EDC, WDC, and SGT. However, a 
linear function is giving better result in case of DVP and Koyna. The detail regarding the 
form of geometric attenuation used for different regions is given as Table 1. Similarly using 
the same methodology, kappa factor (κ) has been derived. The derived κ is 0.006 ± 0.001 s 
for all the five regions for PI.

Very few studies are present to determine the anelastic attenuation for PI. Kumar 
et al. (2007) considered the broadband stations at Dharwar, Cuddapah, and Kothagudem 
regions and determined anelastic attenuation as Qc = 730.62f0.54 , Qc = 535.06f0.59 , and 
Qc = 150.56f0.91 respectively. Singh et al. (2012) determined Qc at different parts of Pen-
insular India. Recently, Sivaram et al. (2017) presented the Qc value at different parts of 
Peninsular India by dividing it into EDC, WDC and SGT. Qc value was calculated for 
EDC, WDC and SGT as Qc = 664f0.47 , Qc = 1165f0.44 and Qc = 568f0.67 respectively. As 
explained above, simulations have been done by dividing the whole Peninsular India into 
five parts. Hence, Qc = 664 ± 8f0.47±0.01 , Qc = 1165 ± 14f0.44±0.01 , Qc = 568 ± 6f0.67±0.01 , 
Qc = 455 ± 30f0.69±0.05 and Qc = 117 ± 2f0.97±0.07 are used for EDC, WDC, SGT, DVP and 
Koyna region respectively.

Another important parameter in the simulation of ground motion is the path duration 
function. The total duration ( Td ) is the combination of the source duration ( Ts ) which is 
assumed to be the reciprocal of corner frequency (Boore 2003) and path duration ( Tp ) 
which relates to propagation effects and the other effects linked with the site condition and 
complex source effect. Due to lack of recorded data, it is difficult to derive a new duration 
model. Hence, in this study, duration model derived by Anbazhagan et al. (2017) has been 
used for simulating the ground motion, as it includes PI recorded data also. The simulation 
parameters have been used in the present study are given in Table 1 by dividing the whole 
Peninsular Indian shield into five different parts as EDC, WDC, SGT, DVP and Koyna 
region.

5 � Data simulation for Peninsular India

For deriving a new GMPE for Peninsular India, ground motion were simulated for EDC, 
WDC, SGT, DVP, and Koyna separately by considering both variable and constant stress 
drop. Simulations have been performed for moment magnitude range of 4–8, using 0.1-
unit step and distance range of 5–500 km. For each earthquake, a random fault orienta-
tion has been defined, i.e., strike and dip. Similar to Drouet and Cotton (2015), a fictitious 
fault mechanism has been assigned based on the dip angle, i.e., for reverse mechanism a 
dip lower than 40˚, for strike-slip mechanism dip greater than 75˚ and normal mechanism 
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otherwise. For the various distance metrics, the uniform distribution of the dip angle has 
been assumed because of the following two reasons (1) focal mechanism is not included as 
predictor variable and (2) fault orientation is only used for calculating the fault dimensions.

Another significant factor in the synthetic simulation of ground motions is the hypo-
central depth. Depth was estimated based on the updated catalog of earthquake events 
for entire Peninsular India. For EDC, WDC, SGT, DVP and Koyna, the reported range of 
hypocentral depth respectively is 10–90 km, 5–60 km, 5–33 km, 5–150 km and 10–60 km 
(CMT Harvard and USGS). Reported average hypocentral depth for the entire PI is 35 km. 
Hence, for simulating the ground motion data, hypocentral depth has been considered as a 
normal distribution with mean and standard deviation as 35 ± 10 km.

Relationships derived by Blaser et al. (2010) have been used for determining the fault 
dimensions (rupture length and rupture width). Blaser et al. (2010) developed the empirical 
relationship between rupture length and Mw , and rupture width and Mw for different fault 
orientation. For a particular magnitude, rupture length and width have been determined 
using Blaser et  al. (2010) equations. To include variability in the fault dimensions, the 
mean rupture length, and width and standard deviation (from Blaser et al. 2010 equations) 
have been used to generate samples using normal distribution. This allows for simulating 
fault planes of different dimensions for same magnitude. The relationships derived by Bla-
ser et al. (2010) are valid for Mw > 4.8 , therefore, these equations have been extrapolated 
beyond the validity range, especially for small magnitudes (Drouet and Cotton 2015). The 
extrapolation does not have strong influence on the simulation due to having the small 
extension in case of small magnitude. This is only used to compute the different distance 
matrices. Fifty different mechanisms have been simulated for each moment magnitude with 
magnitude bin size 0.1 Mw.

Using the given focal mechanism and magnitude ( Mw 4–8), epicentral distance from 
10 to 500 km and from source-to-site azimuths from 0° to 360° have been simulated. The 
maximum epicentral distance has been selected as 500 km by studying the damage distri-
bution map of the pre-instrumented earthquake (1900 Coimbatore, 1967 Koyna, 1993 Kil-
lari earthquake). The concept of apparent station (AS) has been used for simulating each 
event at different hypocentral distance (Anbazhagan et  al. 2013). The AS is established 
at 50 locations with azimuths covering the range of 0°–360° around the epicenter with 
azimuth bin size of 7.2°. Hence, every next AS is at a distance of 10 km with an azimuth 
difference of 7.2° from the successive stations. AS concept is useful in determining the SA 
in both forward and backward direction of fault.

Figure 3 shows the simulated spectral acceleration at zero period for EDC, WDC, SGT, 
DVP and Koyna regions versus hypocentral distances and for Mw 4.7 and Mw 6.5 (1967, 
Koyna earthquake), considering variable stress model and standard rock condition. The 
medians of GMPEs of NGA-East project, previously developed PI GMPEs and recorded 
PGA values are compared with the simulated data. Simulated and the recorded data are not 
consistent with the predictive equation developed for stable continental region (See Fig. 3). 
For higher magnitude and distance less than 150 km, a significant difference is observed in 
ground motion data. One of the reasons may be that the GMPEs developed under the NGA-
East project do not consider the Indian recorded data. For significant earthquake instead of 
recorded data, isoseismal maps are available. Similar to Singh et al. (1999), MMI has been 
converted into PGA and used for comparing the simulated data. Regression equation devel-
oped by Nath and Thingbaijam (2012) is used for this purpose. It can be also noted from 
Fig. 3 that there is no significant difference in the simulated data is observed for all the five 
regions in case of variable stress model. Similar observation has been drawn in case of the 
constant stress model. In comparison, it has been also observed that at large distances and 
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higher magnitude the difference in the spectral acceleration values is significant using of 
variable and constant stress model. This has been taken care by while selecting the func-
tional form of the GMPE further. For 1967 Koyna earthquake, simulated data has been 
compared with the MMI-PGA and compared with the Raghukanth and Iyengar (2007), 
Darragh et al. (2015), Grazier (2015) and Al Noman and Cramer (2015). Raghukanth and 
Iyengar (2007), Darragh et al. (2015), Grazier (2015) and Al Noman and Cramer (2015) is 
referred as RI, Rob, GZ-15, and NOCA-15 in Fig. 3.

6 � Selection of functional form and regression analysis

With the improvement in the recording database and upgrading of simulation algorithms, 
new GMPEs are being compounded with various parameters in its functional form. How-
ever, a basic functional form of a GMPE should account for magnitude dependence and 
saturation along with attenuation of stress waves with distance due to spreading and material 
damping. In this study, algorithm proposed by Bajaj and Anbazhagan (2018b) is used for 
selecting the functional form for Peninsular India. More details regarding various functional 
form available and methods for selecting are presented in Bajaj and Anbazhagan (2018b).

As explained above, PI lacks in recorded ground motion, but reasonable Isoseismal 
maps are available. Hence for selecting a particular functional form, Nath and Thingbai-
jam (2012) regression equation has been used for converting intensity into PGA. It can be 
noted here that this is the only conversion relation available for PI and there may be inher-
ent uncertainty in the converted values. Seven functional forms considered by various 
researchers for the stable continental region have been used in this study. These functional 
forms are given as Table  2. Magnitude scaling was accounted using both quadratic and 
bilinear functional form. Equation 3 is having non-linear quadratic function for M ≤ 6 and 
linear for M > 6 . To account for the distance scaling, simple functional form comprising 
product of a linear function of magnitude and the logarithm of distance was used. The 
linear term explains the decrease in attenuation with an increase in magnitude size. How-
ever, EQ4 and EQ5 describe the calibration of distances at various points to account the 
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Western Dharwar Craton (WDC), South Granulite Terrain (SGT), Deccan Volcanic Province (DVP) and 
Koyna region considering variable stress model. Simulated data has shown for a 4.7 M

w
 and b 6.5 M

w
 

(Koyna Earthquake). Simulated data is compared with the recorded PGA and PGA converted from Intensity
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scattering of waves at different distances. This functional form is considered by Pezeshk 
et al. (2015, 2018) for deriving GMPE for Central and Eastern North America.

For determining the best functional form out of seven (See Table 2), Isoseismal maps 
from five earthquakes, i.e., 1990 Coimbatore ( Mw 6.0); 1967 Koyna ( Mw 6.5); 1993 Killari 
( Mw 6.1); 1969 Bhadrachalam ( Mw 5.7); and Shimoga ( Mw 4.7) have been used. Details 
of these Isoseismal maps can be referred from Anbazhagan et al. (2013). Considering the 
simulated data, coefficients for PGA have been derived for all the seven functional forms of 
GMPE. Residual has been calculated from the predicted PGA (using GMPEs) and recorded 
PGA (converted from intensity) value using Eq. 2.

Index i , j and k , respectively, refers to the earthquake event, recording within the event i 
and a particular GMPE functional form given in Table 2. Further, using mixed effect analy-
sis on residuals; bias, intraevent residual and interevent residual for all the functional forms 
has been calculated using Eq. 3.

where ck is the mean offset (or bias) of the data relative to GMPE functional form k , �i 
represents the event term for event i and �i,j is the intraevent residuals for recording j in 
event i . The event term �i represents the mean offset of data for event i from the prediction 
provided by the GMPE median after adjusting the offset ck . In other words, the intraevent 
residual �i,j is the residual after accounting for the interevent residual �i . Interevent ( � ) and 
Intraevent ( � ) terms are assumed to have zero mean and � and � respectively as standard 
deviation. Hence, � refers to the event-to-event variability and on the other hand, � refers to 
the variability in a single event.

Using that total standard deviation ( � ) has been calculated considering the square 
root of sum of square of standard deviation from intraevent and interevent residual i.e. 
� =

√

�2 + �2 . Details about the calculations and algorithm can also be referred from 
Bajaj and Anbazhagan (2018b) and Skarlatoudis (2017). The average bias and � calculated 
from all the five earthquakes for all the seven GMPE functional form is given as Table 2. 
Equation 3 shows the least average bias value and � value. Hence, EQ3 is further used for 
deriving the new GMPE for Peninsular India considering variable and constant stress drop.

The GMPEs functional form given below has been used for deriving the coefficients at 
different spectral periods considering variable and constant stress drop

where lnY ,M , R , � , and � are respectively logarithm of ground motion, magnitude, hypo-
central distance, standard normal variable and standard deviation and c1 , c2 , c3 , c4 , c5 , c6 
and c7 are the corresponding regression coefficients. For determining the regression coef-
ficients for a new GMPE, lme4 R package in Bates et al. (2013) has been used (Stafford 
2014). The regression coefficients corresponding to c1 , c2 , c3 , c4 , c5 , c6 and c7 for different 
periods considering variable and constant stress drop are given in Tables 3 and 4 respec-
tively. The calculated PGA and PSA values are in “g”. The correlation coefficient for the 
different periods vary from 0.85 to 0.93.

Figure 4 shows the comparison between variable and constant stress models for a stand-
ard rock condition for all magnitudes and distance for PI. For the large magnitude and 
less distance, the variation in the models is significant (See Fig. 4). However, for smaller 

(2)(Ri,j)k = ln
(

SAi,j

)

data
− ln

(

SAi,j

)

k

(3)(Ri,j)k = ck +
(

�i
)

k
+
(

�i,j
)

k

(4)lnY =

{

c1 + c2(M − 6) + c3(M − 6)2 +
(

c5 + c6M
)

lnR + c7R + 𝜖𝜎 M ≤ 6

c1 + c4(M − 6) +
(

c5 + c6M
)

lnR + c7R + 𝜖𝜎 M > 6
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magnitudes and at a short hypocentral distance, the constant stress parameter leads to a 
higher value as compared to variable stress model. This is to be expected from the input 
stress parameter model. The differences are more pronounced for shorter periods as com-
pared to longer periods. The PGA and PSA (0.15 s) values estimated from a new GMPE 
for different stress model are also compared with the recorded data and PGA converted 
using Isoseismal maps. It can be observed that the recorded data is matching well with the 
constant and variable stress model. The confidence interval for the respective period cor-
responding to each regression coefficient is given in Tables 3 and 4.

7 � Sensitivity analysis and validation of gmpe

Developed GMPEs are based on the simulated ground motions data, which is highly 
influenced by the uncertainties in some of the input parameters. All these input param-
eters are governed by a particular distribution and uncertainties in these parameters are 
proliferated through the random sampling of the distributions. Hence, sensitivity analysis 
has been performed to test how these uncertainties influence the final GMPE uncertainty 
and how robustly the present GMPE models result in the presence of uncertainty. Set of 7 

0.0001

0.001

0.01

0.1

1

10

10 100

PG
A 

(g
)

Hypocentra Distance (km)

0.0001

0.001

0.01

0.1

1

10

10 100

PS
A 

(0
.1

5 
s)

 (g
)

Hypocentra Distance (km)

0.0001

0.001

0.01

0.1

1

10

4 4.5 5 5.5 6 6.5 7 7.5 8

PG
A 

(g
)

Magnitude (Mw)

10 km

0.0001

0.001

0.01

0.1

1

10

4 4.5 5 5.5 6 6.5 7 7.5 8

PS
A 

(0
.1

5 
s)

 (g
)

Magnitude (Mw)

(a) (b)

(c) (d)

4 Mw

6 Mw

8 Mw

300 km

100 km
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GMPEs have computed, considering; the uncertainty on each parameter, one by one (all 
others are set to their median values). The considered uncertainties parameters are; focal 
depth uncertainty, uncertainty on duration, fault plane (random orientation and hypocentral 
position), anelastic attenuation, geometric spreading, kappa factor and stress drop. Based 
on the analysis, it is seen that the coefficients determined by varying these parameters are 
almost identical and within the confidence interval as mentioned in Tables 3 and 4. How-
ever, the standard deviation varies a lot with the change in each parameter (See Fig. 5a, 
b). The major contribution to the total uncertainty in case of within-event terms is from � 
and from stress drop in case of event-to-event variability (See Fig. 5a, b). The uncertainty 
of � and stress parameters varies significantly with spectral period and has slow decre-
ment for longer periods. In addition to � , anelastic attenuation has also peaked above 0.1 s, 
however, its influence is similar to geometric attenuation at longer periods. Comparatively, 
focal depth, duration, fault plane uncertainty and random variation of hypocentral location 
on the fault have a very little impact on the total GMPE uncertainty. The standard devia-
tion determined in this study is compared with the standard deviation of various GMPEs 
developed under the NGA-East project and stochastic for the United Kingdoms, Alps and 
Switzerland and given as Fig. 6. The standard deviation in case of Shahjouei and Pezeshk 
(2016) (SHPE-16) and Ameri et al. (2017) (AM-17) depends on magnitude and hence it is 
calculated at Mw 6. Standard deviation is considerable for a period less than 0.1 s in natural 
logarithm units and variation with period is also variable. Further, in case of Darragh et al. 
(2015) (Rob-1 and Rob-2), SHPE-16 and Rietbrock et al. (2013) (RB13), standard devia-
tion is considerably high after 1 s. Peak of the Edwards and Fӓh (2013), Drouet and Cotton 
(2015) (referred as EDF13 and DRCO15) and the present study is located between 0.05 s 
and 0.1 s. In the present study, between events, sigma is high at low periods, this may be 
due to the large variability in the stress parameters in case of variable stress GMPE.

Due to lack of recorded data, detailed validation of the newly derived ground motion 
prediction equation for all ranges of magnitude and distance is not possible. However, from 
Fig. 4, it is already seen that the recorded PGA and PSA (0.15 s) is matching well with the 
PGA and PSA calculated from the newly developed GMPE. Further, the response spectra 
of the Maharashtra Earthquake (2009) and Koyna Earthquake (1967) is compared with the 
predicted response spectra from GMPE and given in Fig.  7. It is seen from Fig.  7 that 
the predicted and derived response spectra at different hypocentral distance and magnitude 
is matching well and within the confidence interval, and the difference is very small for 
the entire period range. Minor differences at different periods may arise due to different 
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uncertainties considered while simulating the stochastic strong ground motion. Further, the 
error has been determined for PGA with respect to magnitude and hypocentral distance. 
The residual has been computed by using recorded PGA and PGA converted from MMI. 
For a regression model to be unbiased, the mean of the residual is to be zero and independ-
ent of the parameters in the regression model. Further for checking the bias and average 
scatter, average and standard deviation of the residual’s errors are also calculated. Based on 
Fig. 8, it can be highlighted that PGA distribution of residuals with magnitude and hypo-
central distance is unbiased.
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8 � Conclusion

Regional stochastic ground motion prediction equation for Peninsular India for a broad 
range of magnitudes ( Mw 4–8) and hypocentral distances (10–500 km) is derived. The 
simulations are done by studying the region-specific seismological parameters and 
the uncertainty is propagated by random sampling of a corresponding distribution of 
the input parameters. It is observed that these parameters are not same for the entire 
Peninsular region. To capture the nonuniform seismicity, two models namely constant 
and variable stress were used in deriving a new GMPE. Hence, simulation is done by 
dividing the whole Peninsular India into five parts i.e. Eastern Dharwar Carton, West-
ern Dharwar Carton, South Granulite Terrain, Deccan Volcanic Province and Koyna 
region. The functional form is derived based on the mixed effect model on the residu-
als calculated from recorded and simulated PGA. The simulated data is regressed using 
linear-mixed effect regression approach for the defined functional form for scaling the 
magnitude and large distance. Further, sensitivity analysis was used to find the impact 
of each input parameter on the total uncertainty of the ground motion prediction equa-
tion. The defined GMPE is valid for the bed rock level. PGA and SA of newly developed 
GMPE are matching well with the recorded data for the larger and smaller hypocentral 
distances.
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Appendix 1

See Table 5.
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