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ABSTRACT 29 

 30 

India's Indo-Gangetic Plains (IGP) and its proximity to the Himalayas are seismically the 31 

most vulnerable zone. For seismic hazard analysis, it requires a reliable Ground Motion 32 

Prediction Equations (GMPEs) for this region. The strong motion accelerometer data are used 33 

for the present study from 2005 to 2015. PSA of 5% damped linear pseudo-absolute 34 

acceleration response spectra at 27 periods ranging from 0.01 s to 10 s used for regression. 35 

Two-stage nonlinear regression is used to train the functional form of a nonlinear magnitude 36 

scaling, distance scaling, and site conditions. The model includes a regionally independent 37 

geometric attenuation finite fault distance metric, style of faulting, shallow site response, 38 

basin response, hanging wall effect, hypocentre depth, regionally dependent anelastic 39 

attenuation, site conditions, and magnitude-dependent aleatory variability. We consider our 40 

new GMPE is valid for earthquakes from active tectonic shallow crustal continental 41 

earthquakes for estimating horizontal ground motion for rupture distances ranging from 1 km 42 

to 1500 km and magnitudes ranging from 3.3 to 7.9, and focal depth 1-70 km. The proposed 43 

GMPEs developed in this study for predicting PGA and PSA are compared with the 44 

Campbell and Bozorgnia 2008, 13 and 14, and North Indian GMPEs for IGP, which is agreed 45 

upon consistently. Calibration with observed data gives us the confidence to predict the 46 

ground motion from the seismic gaps of Himalaya ranges for the Indo-Gangetic plains. The 47 

predicted coefficients of the nonlinear model are anticipated to be valuable for probabilistic 48 

seismic hazard analysis over the IGP. 49 

 50 

 51 

 52 
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 55 

1. INTRODUCTION 56 

The earthquake mechanism is very complex. As we know, the prediction of occurrences of 57 

earthquakes is uncertain. The best possible way to save life and property is by assessing the 58 

earthquake hazard and preparing for the risk from future Earthquakes. Ground motion 59 

prediction equations (GMPEs) play a crucial role in the hazard assessment in a region. 60 

GMPEs are a mathematical expression that relates a strong-motion parameter like peak 61 

ground acceleration (PGA) and pseudo-spectral acceleration (PSA) of ground shaking to 62 

seismotectonic parameters of the earthquake source, the propagation path between the source 63 

and the site, and the surface and subsurface geological layers beneath the site. GMPEs are 64 

broadly used to predict the extent of ground shaking at different frequencies. In most regions, 65 

a site-specific GMPE is unavailable and ground motions are predicted from GMPEs 66 

developed in regions where ground-motion data is available. The purpose of this study is to 67 

derive coefficients of a GMPE for the Indo-Gangetic Plains (IGP) in India and reduce 68 

variability in ground-motion predictions from currently available models. Insufficiency of 69 

strong-motion data has been a core reason for the difficulty in developing GMPEs for IGP 70 

India. 71 

There have been endeavours to develop GMPEs for IGP and the northern Himalayas by 72 

Raghukanth and Iyengar (NDMA report 2010), Raghukanth et al. (2014), Singh et al. (2017), 73 

Srinagesh et al. (2021), Kumar et al. (2019) Anbazhagan et al. (2013), Sharma et al. (2014), 74 

Singh et al. (1996), Nath et al. (2005), Harbindu et al. (2014), and Ramkrishnan et al. (2019). 75 

The previous models have not considered all the seismotectonic parameters included in other 76 
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worldwide models, such as Campbell and Bozorgnia (2014). In the present study, all these 77 

seismotectonic parameters have been accounted for. According to Bilham et al. (2001, 2019), 78 

about 50 million people in the IGP are at risk from great Himalayan earthquakes. We 79 

consider the GMPEs developed in this study to be a reliable model for predicting PGA and 80 

PSA from future Himalayan earthquakes. The GMPEs can be used for regional and local-81 

level seismic hazard analysis for sites located on alluvial soil, soft rock, or hard rock 82 

conditions in the IGP and adjacent Shiwalik hills. This paper provides a brief description of 83 

the database, functional forms, and analyses used to develop GMPEs for IGP, followed by a 84 

comparison of the GMPEs model with Campbell and Bozorgnia (2008; hereafter, CB08) and 85 

Campbell and Bozorgnia (2014; hereafter, CB14). We also present practical guidance on how 86 

to use the model in seismic hazard analysis and engineering applications. 87 

 88 

2. INDO-GANGETIC PLAINS SCENARIO 89 

The Himalaya is a convergent plate margin with a high rate of strain accumulation. The 90 

nearby IGP consists of four significant sedimentary basins plains, such as the Ganga, Sindhu, 91 

Indus, , and Brahmaputra (Fig. 1b). The IGP runs parallel to the seismically active Himalayan 92 

mountain chain and is filled with Quaternary sediments. This makes the region highly 93 

vulnerable to the severe effects of large earthquakes. The Himalayan region has experienced 94 

three large and three two earthquakes in the last century: the 1905 Kangra (M~7.8), 1934 95 

Bihar-Nepal (M~8.2), 1950 Assam (M~8.6), 2005 Kashmir (M~7.6), and 2015 Gorkha 96 

(M~7.8) (Ambraseys and Douglas, 2004; Bilham, 2004, 2008, 2019). Most of the cities 97 

located on the IGP come under seismic zone III of the Indian building code,(BIS 2002) where 98 

earthquakes are not frequent but the risk is relatively high due to the possible occurrence of 99 

large and great Himalayan earthquakes. Far-field amplification effects have been observed 100 
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during deep focus (about 200 km deep) earthquakes in the Hindukush mountain ranges due to 101 

the soft layered sediments in the IGP and the unusually strong ground motions from these 102 

deep-focus earthquakes. The sediments in the IGP are as deep as 8 km (GSI, 2000). There is a 103 

good chance of site amplification over a wide range of spectral periods due to the 104 

combination of soft shallow sediments and deep sedimentary basins in the IGP from 105 

Himalayan region earthquakes and, more specifically, from future earthquakes in the central 106 

seismic gap of the Himalaya. 107 

A seismic gap can be defined as a region or fault segment where large or great earthquakes 108 

have occurred in the past, but none have happened recently. McCann et al. (1979) defined 109 

seismic gap as the likelihood of the beginning of great earthquakes along the plate 110 

boundaries. The three main seismic gaps in the Himalayan region are the Kashmir, Central, 111 

and Assam (Khattri and Wyss, 1978; Khattri, 1987, 1993; Seeber and Armbruster, 1981). The 112 

region between the 1934 Bihar-Nepal earthquake and the 1905 Kangra earthquake is known 113 

as the Central seismic gap (Fig. 1); the length of this gap is about 750 km. In 1505, a 114 

catastrophic earthquake occurred in the Central seismic gap, which caused significant damage 115 

over the Ganga basin. Other events that have occurred in the Central seismic gap are the large 116 

(M~7.0-7.9) 1803 and 1833 earthquakes and the major (M~6.0-6.9) 1991 Uttarkashi and 117 

1999 Chamoli .However, because of their relatively small size, these are not the gap-filling 118 

earthquakes (Bilham, 1995; Khattri, 1999). 119 

 120 

In 2015, a major earthquake occurred in Nepal (M 7.9 close to the Central seismic gap. It was 121 

not a Central gap-filling earthquake because the rupture propagated east-southeast from the 122 

hypocentre away from the seismic gap for about 160 km (Wenyuan et al., 2015). Great 123 

earthquakes of magnitude M > 8.0 in the Himalayan region are possible in the three identified 124 

seismic gaps, and apart from this, the urbanization and population growth over the IGP 125 
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enhances the risk of physical damage and socio-economic disruption from these earthquakes. 126 

Therefore, there is an urgent need to develop new GMPEs for the IGP, which will be helpful 127 

in the assessment of seismic hazard and risk in this highly-populated region. 128 

 129 

3. DATABASE 130 

The Indian Institute of Technology Roorkee (IITR) has a Program for Excellence in Strong 131 

Motion Studies (PESMOS), which comprises the Himalayan mountain range from Jammu 132 

and Kashmir in the west to Meghalaya in the east PESMOS has installed about 290 strong-133 

motion accelerometer stations on the IGP. Recordings from these stations have been 134 

processed by PESMOS and the National Centre for Seismology (NCS) of the Ministry of 135 

Earth Sciences, Government of India. The database contains accelerograms recorded over 136 

694 stations on IGP, but for the preparation of GMPEs, the earthquake data of M ≥ 3.0 and 137 

focal depth < 60 km recorded from 2005 to 2015 are used and the remaining were removed 138 

from the database. The values of PGA and PSA are the geometric mean of the peaks of the 139 

two horizontal componentsThe amplitude of the seismic waves at the recording station 140 

depends on the site geology, considering the far-field propagation effect coming from longer 141 

distances. 142 

The selected strong-motion database consists of 515 recordings from 140 earthquakes of 143 

moment magnitude ranging from M = 3.0-7.9 with rupture distance ranging from 1-1495 km 144 

from India, Nepal, Bhutan, Myanmar, and the Iran-Pakistan border. There are recordings at 145 

259 alluvium sites, 59 soft rock sites, and 197 hard rock sites based on the site categorization 146 

of Mittal et al. (2012). Fig. 2 shows the earthquake locations and recording stations along the 147 

Himalaya and IGP used to develop the GMPEs. Fig. 3(a) shows a plot between PGA and the 148 

closest distance to rupture (RRUP). Similarly, a plot between magnitude and closest distance to 149 

https://seismo.gov.in/
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rupture is shown in Fig. 3(b). A plot of magnitude and focal depth is shown in Fig. 3(c). A 150 

plot between magnitude and the time-averaged shear-wave velocity in the top 30 m of the site 151 

(VS30) is shown in Fig. 3(d).  A plot of basement depth and time-averaged shear-wave 152 

velocity in the top 30 m of the site (Fig. 3e). The accelerographs are installed in a room on 153 

the ground floor of a one- or two-story building or in the free field inside a small fabricated 154 

housing (Kumar et al., 2012). The thickness of sediment deposits above basement rock (Z2.5) 155 

is taken from (GSI, 2000). 156 

 157 

4. GROUND MOTION MODEL 158 

We used a referenced Ground GMPE approach using the functional form in CB14. Some 159 

modifications are done according to this model as required by the data. A final functional 160 

form was chosen based on the availability of the data and the parameters necessary for 161 

engineering applications such as probabilistic seismic hazard analysis (PSHA). 162 

 163 

4.1 Regression analysis approach 164 

4.1.1 Two-stage Regression Method  165 

Many regression methods have been proposed to develop GMPEs, Two commonly used 166 

regression methods are the two-stage method first proposed by Joyner and Boore (1981) and 167 

refined by Joyner and Boore (1993) and the random-effects method first proposed by 168 

Brillinger and Preisler (1984, 1985) and popularized by Abrahamson and Youngs (1992). The 169 

two methods have been shown to give virtually identical results when appropriate weights are 170 

used in the second stage (Joyner and Boore, 1993). In this paper, the two-stage nonlinear 171 

regression method is employed to obtain the final set of coefficients and standard deviations. 172 

The two-stage analysis allowed us to partition the variability into within-event and between-173 

event residuals and standard deviations. In the first stage, nonlinear regression is used to fit 174 
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the model for the recording-specific terms fdis, fatn, fhng, fsite, and fsed. The result is a set of 175 

amplitude factors (event terms) and their standard deviations. In the second stage, a 176 

regression analysis is conducted on the weighted event terms to fit the earthquake-specific 177 

terms fmag, fflt,and fhyp. These terms are defined in following sections of the article. 178 

 179 

4.1.2 Strong motion intensity measures  180 

Strong-motion parameters represent a specific attribute of an earthquake time history or its 181 

frequency-domain equivalent. To describe the active ground motion in engineering 182 

seismology, the most common peak time-domain parameters used are PGA and, to some 183 

extent, peak ground velocity (PGV) and peak ground displacement (PGD). Peak time-domain 184 

parameters represent the maximum absolute amplitude of ground motion from a recorded or 185 

synthetic accelerogram, velocity, or displacement time series. 186 

For the peak frequency-domain parameters, the most common are the response-spectral 187 

parameters PSA and pseudo-spectral velocity (PSV). As seismic design procedures have 188 

become more advanced, engineers have begun to consider the natural period of artificial 189 

structures into their design using a response spectrum. The component of the strong motion 190 

intensity measures (IMs) used in our GMPEs is the geometric mean (GM) of the two as-191 

recorded horizontal components. The IMs used in this study are PGA and PSA for 27 192 

oscillator periods (T) ranging from 0.01 sec to 10 sec. 193 

 194 

4.2 Ground motion model formulation:  195 

The natural logarithm of PGA (g) and PSA (g) (Y) in the first-stage regression is fit by the 196 

equation 197 

ln(Y) = 𝑓𝑑𝑖𝑠 + 𝑓ℎ𝑛𝑔 + 𝑓𝑠𝑖𝑡𝑒 + 𝑓𝑠𝑒𝑑 + 𝑓𝑎𝑡𝑛                (1a) 198 
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The events terms (e) from the first-stage regression are fit in the second stage by the equation  199 

ln(Y) = 𝑓𝑚𝑎𝑔 + 𝑓𝑓𝑙𝑡 + 𝑓ℎ𝑦𝑝𝑜                                                                         (1b) 200 

The initial functional forms of the terms in Equations (1a) and 1b) are those in CB14 as 201 

defined below. 202 

 203 

4.2.1 Magnitude Term 204 

𝑓𝑚𝑎𝑔 =
{   
   𝑐1 + 𝑐2 𝐌 ;                                                                                                    𝐌 ≤ 4.5𝑐1 + 𝑐2𝐌+ 𝑐3(𝐌 − 4.5) ;                                                             4.5 < 𝐌 ≤ 5.5𝑐1 + 𝑐2𝐌+ 𝑐3(𝐌 − 4.5) + 𝑐4(𝐌 − 5.5);                                  5.5 < 𝐌 ≤ 6.5𝑐1 + 𝑐2𝐌+ 𝑐3(𝐌 − 4.5) + 𝑐4(𝐌 − 5.5) + 𝑐5(𝐌 − 6.5);                 𝐌 > 6.5

         (2) 205 

where M is moment magnitude.4.2.2 Geometric Attenuation Term 206 

 𝑓𝑑𝑖𝑠 = (𝑐6 + 𝑐7𝐌) ln (√𝑅𝑅𝑈𝑃2 + 𝑐82)                                                                    (3) 207 

where RRUP (km) is closest distance to the co-seismic rupture plane. 208 

4.2.3 Style-of-Faulting Term 209 

   𝑓𝑓𝑙𝑡 = 𝑓𝑓𝑙𝑡,𝐹𝑓𝑓𝑙𝑡,𝑀                                                                             (4) 210 

  𝑓𝑓𝑙𝑡,𝐹 = 𝑐9𝐹𝑅𝑉 + 𝑐10𝐹𝑁𝑀                                                           (5) 211 

𝑓𝑓𝑙𝑡,𝑀 = {  
  0;                                    𝐌 ≤ 5.0𝐌 − 5.0;         5.0 < 𝐌 ≤ 5.51;                                     𝐌 > 5.5                                                      (6) 212 

Where 𝐹𝑅𝑉 is an indicator variable representing reverse and reverse-oblique faulting given as, 213 
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𝐹𝑅𝑉 = { 1,                              30° < 𝛌 ≤ 150°0,                                          𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                          (7) 214 

𝐹𝑁𝑀 is an indicator variable representing normal and normal-oblique faulting given as, 215 

𝐹𝑁𝑀 = { 1,                       −150° < 𝛌 ≤ −30°0,                                         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                         (8) 216 

and  (°) is rake angle defined as the average angle of slip on the fault. 217 

4.2.4 Hanging-Wall Term 218 

    𝑓ℎ𝑛𝑔 = 𝑐11𝑓ℎ𝑛𝑔,𝑅𝑅𝑈𝑃𝑓ℎ𝑛𝑔,𝑀                                                      (9) 219 

𝑓ℎ𝑛𝑔,𝑅𝑅𝑈𝑃 = { 1;                           𝑅𝑅𝑈𝑃 = 0(𝑅𝑅𝑈𝑃 − 𝑅𝐽𝐵)/𝑅𝑅𝑈𝑃;                   𝑅𝑅𝑈𝑃 > 0                                                  (10) 220 

 221 

𝑓ℎ𝑛𝑔,𝑀 = {  
  0;                                                      𝐌 ≤ 5.5(𝐌 − 5.5)[1 + 𝑎2(𝐌 − 6.5)];         5.5 < 𝐌 ≤ 6.51 + 𝑎2(𝐌 − 6.5);                           𝐌 > 6.5                                     (11) 222 

 223 

where 𝑎2 is period-dependent, theoretically constrained model coefficients given in the result 224 

table 3 same as (Campbell and Bozorgnia 2013,2014) and 𝑅𝐽𝐵(𝑘𝑚) is closest distance to the 225 

surface projection of the co-seismic rupture plane (Joyner-Boore distance). 226 

 227 

4.2.5 Shallow Site Response Term 228 
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    𝑓𝑠𝑖𝑡𝑒 = { 𝑐12𝑙𝑛 (𝑉𝑆30𝑘1 ) + 𝑘2 {ln [𝐴1100 + 𝑐 (𝑉𝑆30𝑘1 )𝑛] − ln[𝐴1100 + 𝑐 ]} ;   𝑉𝑆30 ≤ 𝑘1(𝑐12 + 𝑘2𝑛) ln (𝑉𝑆30𝑘1 ) ;                                                                              𝑉𝑆30 > 𝑘1        229 

(12) 230 

where 𝑉𝑆30 (m/sec) is the time-averaged shear-wave velocity in the top 30 m of the site,  231 𝐴1100 (g) is the median predicted value of PGA on rock with 𝑉𝑆30 1100 m/sec (rock PGA). 232 

 233 

4.2.6 Basin Response Term 234 

𝑓𝑠𝑒𝑑 = {  
  𝑐13(𝑍2.5 − 1);                                                                                  𝑍2.5  ≤  10;                                                                                               1.0 <  𝑍2.5 ≤ 3𝑐14𝑘3𝑒−0.75[1 − 𝑒𝑥𝑝(−0.25(𝑍2.5 − 3))] ;                                  𝑍2.5 > 3                (13) 235 

 236 

where 𝑍2.5 (km) is depth to the 2.5 km/sec shear-wave velocity horizon beneath the site 237 

(sediment depth), which is taken as the depth to basement in this study. 238 

4.2.7 Hypocentral Depth Term 239 

    𝑓ℎ𝑦𝑝 = 𝑓ℎ𝑦𝑝,𝐻,𝑓ℎ𝑦𝑝,𝑀                                                                          (14) 240 

𝑓ℎ𝑦𝑝,𝐻 = {  
  0 ;                                                    𝑍𝐻𝑌𝑃  ≤  7( 𝑍𝐻𝑌𝑃 − 7) ;                            7 <  𝑍𝐻𝑌𝑃 ≤ 2013 ;                                                   𝑍𝐻𝑌𝑃 > 20                                              (15) 241 

 242 

𝑓ℎ𝑦𝑝,𝑀 = {  
  𝑐15;                                                                                          𝐌 ≤ 5.5𝑐15 + (𝑐16 − 𝑐15) (𝐌 − 5.5);                        5.5 < 𝐌 ≤ 6.5𝑐16;                                                                                  𝐌 > 6.5                         (16) 243 
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where 𝑍𝐻𝑌𝑃 (km) is the hypocentral depth of the earthquake. 244 

4.2.8 Anelastic Attenuation Term 245 

    𝑓𝑎𝑡𝑛 = {𝑐17(𝑅𝑅𝑈𝑃 − 80);  𝑅𝑅𝑈𝑃 > 800, 𝑅𝑅𝑈𝑃 ≤ 80                        (17)                                                             246 

4.3 Treatment of Missing Data 247 

In case of missing predictor variables for recordings in the database, they are either estimated 248 

using proxies. Missing values of VS30 are taken from the proxies defined in Allen and Wald 249 

(2009); Heath et.al (2020); Wald and Allen (2007), and Yong et.al, 2015) derived from 250 

surfaciale geological units, geotechnical site categories, ground slope, geomorphology, or 251 

elevation. Missing values of ZHYP are taken from focal mechanism solutions from the global 252 

moment tensor database (CGMT), PESMOS, and NCS. When the finite rupture models were 253 

not available, the finite-fault distance variables RRUP and RJB are derived from REPI, M, and 254 

back azimuth using the methodology proposed in Thompson and Worden, 2017).  255 

5. ALEATORY VARIABILITY MODEL 256 

Aleatory variability is defined in terms of both the geometric mean (GM) of the two 257 

horizontal components and the arbitrary horizontal component of motion. 258 

5.1 Geometric Mean Horizontal Component 259 

Consistent with the two-stage regression analysis used to derive the median value of Y, the 260 

aleatory variability model for the GM horizontal component is defined by the equation 261 

𝑦𝑖𝑗 = 𝑌𝑖𝑗 + 𝜂𝑖 + 𝜀𝑖𝑗                                                                                    (18) 262 

where 𝜂𝑖 is the between-event (inter-event) residual for event i and 𝑦𝑖𝑗, 𝑌𝑖𝑗, and 𝜀𝑖𝑗 are the 263 

observed value, predicted value, and within-event (intra-event) residual for recording j of 264 
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event i, respectively. The independent normally distributed variables 𝜂𝑖 and 𝜀𝑖𝑗 have zero 265 

means and estimated between-event and within-event standard deviations on reference rock 266 

or on soil represented by linear site response,  and , given by the magnitude dependent 267 

equations 268 

𝜏 = {  
  𝜏1;                                                         𝐌 ≤ 4.5𝜏2 + (𝜏1 − 𝜏2)(5.5 − 𝐌);                         4.5 < 𝐌 < 5.5𝜏2;                                                         𝐌 ≥ 5.5                                         (19) 269 

 = {  
  1;                                                         𝐌 ≤ 4.5
2 + (1 − 2)(5.5 − 𝐌);                        4.5 < 𝐌 < 5.5

2;                                                         𝐌 ≥ 5.5                                             (20) 270 

 271 where 𝜏𝑖 and 𝑖are empirically derived standard deviations. 272 

The total aleatory standard deviation is given by combining the between-event andwithin-273 

event standard deviations by square-root of sum of squares (SRSS) by the equation 274 

𝜎 = √𝜏2 + 𝜙2                                                                                                (21) 275 

5.2 Arbitrary Horizontal Component 276 

The aleatory variance of the arbitrary horizontal components (Boore et al., 1997; Boore, 277 

2005; Campbell and Bozorgnia, 2014) can be calculated from the equation 278 

𝜙𝑐2 = 14𝑁∑ (ln(𝑦1𝑗) − ln(𝑦2𝑗))2𝑁𝑗=1                                                                 (22) 279 

Where the subscripts 1 and 2 refer to the two orthogonal horizontal components, j is an index 280 

representing the recording, and N is the total number of recordings. This equation is used to 281 
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calculate the values of c associated with the database that is used to develop the model. The 282 

total standard deviation corresponding to this component is given by the equation. 283 

𝜎𝐴𝑟𝑏 = √𝜎2 + 𝜙𝑐2                                                                                             (23) 284 

where  𝜎 is the total GM standard deviation given by Equation 21. 285 

6. RESULTS AND DISCUSSION 286 

The coefficients determined in the regression are c1 to c17. In the shallow site response term, 287 

the period-independent theoretically constrained coefficients c = 1.88 and n = 1.18 and the 288 

theoretically constrained period-dependent coefficients k1 and k2 are from CB14. The 289 

theoretically constrained period-dependent coefficient k3 in the basin response term is also 290 

from CB14, although technically it is not needed since it is modified by the regression 291 

coefficient c14. It is included to be consistent with CB14. The coefficients of the two-stage 292 

regression analysis are summarized in from C1-C7 in   table 1, from C8-C14 in table 2 and from 293 

C15-C17 and period dependent parameters k1, k2, k3 and a2 in table 3. The aleatory standard 294 

deviations are summarized in table 4. 295 

6.1 EVALUATION OF RESIDUALS 296 

To validate the derived GMPEs, we plot the between-event residuals (i) and the within-297 

event residuals (ij) for PGA and PSA at spectral periods of 0.05, 0.2, 1, 3, and 5 sec are 298 

against selected predictor variables in Fig. 4 to 11. In these plots, a positive residual indicates 299 

underestimation by the model and a negative residual indicates overestimation by the model. 300 

Fig. 4 and 5 show between-event residuals as a function of magnitude and hypocentral depth. 301 

Fig. 6 to 11 show within-event residuals as a function of magnitude, rupture distance, site 302 

velocity, rock PGA, and sediment depth. The plots show no significant trends or biases in the 303 

residuals that would indicate that the model is inconsistent with the data. 304 
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6.2 MODEL EVALUATION 305 

Fig. 12 to 19 show how the predicted ground motion scales with magnitude, rupture distance, 306 

spectral period, and site effects. The values of the predictor variables used to compute the 307 

predicted ground motions are given at the top of each plot. Fig. 12 shows the scaling of PGA 308 

with distance (attenuation) for magnitudes of 3.5, 4.5, 5.5, 6.5, and 7.5 for a strike-slip fault. 309 

Fig. 13 shows a similar plot for PSA at T = 1.0 sec. The scaling of PGA with distance for 310 

strike-slip faults compared from our GMPE with CB08 and CB14 is shown in Fig. 14. For 311 

the smaller magnitudes and smaller distances, the predicted PGA values from our model are 312 

lower and, for larger distances, the PGA values match well with the CB08 and CB14. For a 313 

magnitude of 6.5, our GMPE matches well, but and for larger magnitudes at smaller 314 

distances, our predicted values are higher than CB08 and CB14 for reverse faults (Fig. 15a 315 

and 15b). In the present study, the closest epicentral distance is 15 km, so the scaling at short 316 

distances is not well constrained. 317 

  318 

Scaling of PGA and PSA at T=1.0 sec with magnitude for strike-slip faults for different 319 

rupture distances (5, 15, 25, 50, 100, 300, and 500 km) for our GMPE (Fig. 16 and 17) show 320 

that there is a decreasing trend in PGA/PSA with longer distances and increasing trend with 321 

higher magnitudes. Fig. 18 shows the scaling of PSA with magnitude for the GMPE, at 322 

rupture distances of 10, 20, 50, 80, 150, and 300 km. There is a clear shift in the peak of the 323 

spectra from spectral periods of about 0.1 sec to 1 sec at short distances as magnitude 324 

increases from around 3.5 to 5.5, where the peak becomes relatively constant. There is also a 325 

noticeable shift at larger distances where the spectral peak shifts to longer periods at small 326 

magnitudes and broaden considerably at large magnitudes. Scaling of PSA with different site 327 

conditions [NEHRP site categories B (VS30 = 1070 m/sec), C (VS30 = 525 m/sec), D (VS30 = 328 

255 m/sec), and E (VS30 = 180 m/sec)] and the PGA values at bedrock for the IGP basin (Fig. 329 
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19) shows the variation of PSA with respect to the median estimate of bedrock PGA (A1100) 330 

from 0.1g to 0.7g.  Fig. 19 clearly shows the nonlinear soil effects and the associated 331 

reduction in spectral amplitude for the softer site conditions (NEHRP D and E) as rock PGA 332 

increases.  333 

 334 

The between-event, within-event, and total aleatory standard deviations for M≤4.5 and 335 

M≥5.5 for IGP GMPEs are shown in Fig. 20. Within-event standard deviations (SD) are 336 

higher than between events SD for M≥5.5 and vice-versa for M≤4.5. There is a relatively 337 

constant increase in between-event and within event standard deviations from 0.01 sec to 0.4 338 

sec, decreasing for higher periods. For both magnitude ranges, the significant increase in 339 

standard deviations due to a smaller number of digital recordings and some outliers present in 340 

residual for between event and within event impact the value for standard deviation. 341 

Comparing the developed equations for recorded site conditions VS30=900 m/sec hard rock 342 

site class A using the 1999 Chamoli earthquake, 6.6 M matched well enough for less than 1.0 343 

sec and started deviating for higher periods (Fig. 21). Comparison of the developed equations 344 

for recorded site class C conditions VS30=360 m/sec alluvium using the 1999 Chamoli 345 

earthquake 6.6 M matched well and started deviating after 0.7 sec (Fig. 22). Spectra were 346 

compared with the GMPE for the present study and Pezeshk 2011 and Iynger 2010 for the 347 

magnitude 6.5M of a reverse fault at rupture distance 40 km and focal depth 10km. (Fig. 23). 348 

Comparison of the present GMPEs with published past GMPEs for IGP and Northwest 349 

Himalayas are shown in (Fig. 24). 350 

 351 

7. USER GUIDANCE 352 

In this section, guidelines are provided for potential users on evaluating the model for seismic 353 

hazard analysis. 354 
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 355 

7.1 Limits for applicability 356 

IGP ground motion model is considered to be valid for shallow focus continental earthquakes 357 

(0-60 km), occurring in active tectonic regimes for which the limitations for application: 358 

 Minimum magnitudes of M  3.3 359 

 Maximum magnitude limits of M  7.0 for strike-slip faults, M  7.9 for reverse faults, and      360 

M 7.8 for normal faults (further Caution for using this GMPEs for M > 8.5). 361 

 Distances of RRUP  1-1500 km;  362 

 Shear-wave velocities of VS30  150 1620 m/sec as the data used are recorded in this range 363 

but for regression VS30 velocity were used from USGS VS30 model. 364 

 Sediment depths of Z2.5  0-12 km 365 

 Hypocentral depths of ZHYP  1-70 km 366 

The IGP model is uniformly valid over the entire range of predictor variables listed above. 367 

When the model is extrapolated beyond the data limits of the predictor variable, the errors 368 

can become large and should be used with caution under such conditions. The applicable 369 

range of some predictor variables has not been extended beyond the limits of the data. 370 

Additional details and explanations are given in the following sections.  371 

 372 

7.2 Magnitude  373 

Magnitude scales define the size of an earthquake and it is of many different types, the most 374 

common magnitude used in attenuation relations is moment magnitude (M), body-wave 375 

magnitude (Mb), surface-wave magnitude (Ms) and local magnitude (ML). There is a 376 

propensity to adopt M as standard for measuring magnitude because it is derived from 377 
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seismological properties like seismic moment, which measures the earthquake energy 378 

radiation (Hanks and Kanamori, 1979). In this study M was used for the Derivation of the 379 

IGP model, the upper magnitude limit for strike-slip is 0.2 units smaller than the limit given, 380 

and the upper limits for reverse and normal faults are the same as that used in the database. 381 

The lower limit for the IGP model to be reliable for earthquakes of magnitude M   3.3 or 0.3 382 

magnitude units above the minor magnitude used in the analysis (Campbell and Bozorgnia 383 

2014).  384 

 385 

7.3 Geometric attenuation and anelastic attenuation 386 

The amplitudes of ground motion decrease as the seismic wave propagate away from 387 

earthquake source to site. The “Source-to-site distance” is used to know the decrease in 388 

ground motion amplitudes. One of the bases of the assumption of the earthquake as point 389 

sources or as finite rupture sources is grouped into two categories: epicentral distance (REPI) 390 

and hypocentral distance (RHYPO), which are the distances measured from point source 391 

assumption to the site. Hypocentral distance is measured from the point within the Earth 392 

where the earthquake rupture initiated to the site. Epicenter distance is the distance between 393 

the Earth’s surface points from the hypocentre just above the rupture surface to the site. Finite 394 

source distances are generally used in attenuation relations first defined by Joyner and Boore 395 

(1981), the horizontal distance to the vertical projection of the rupture plane from the site 396 

(RJB), second the distance between the seismogenic parts of the rupture plane to the site 397 

(RSEIS). In this study, the Rupture distance (RRUP) is used as a finite fault source 398 

approximation of the closest horizontal distance to the vertical projection of the rupture plane 399 

to the site, and RJB is used to constrain the hanging wall term. Geometric attenuation is 400 

constrained for 0-80 km for up to the magnitude M 6.8 because higher magnitude data are 401 
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recorded beyond 80 km in the database, and their applicability for lower limits might be 402 

beyond 15 km. The attenuation rate is anelastic for large distances constrained by higher 403 

magnitude earthquakes in the database, for the IGP model used recordings out to RRUP 1495 404 

km. To constrain the anelastic attenuation term, we consider the GMPEs to be most valid 405 

at RRUP <=1000 km, beyond which the number of recordings decreases rapidly. 406 

For IGP, RRUP in the1000 km buffer range from site to earthquakes sources should be 407 

considered for PSHA studies. Because for source zone characterization for IGP, it needs to 408 

consider the far-field effect due to deeper sediments deposits at the proximity of the 409 

Himalayas. Many large magnitude earthquakes impact the IGP due to far-field effects, and 410 

presently, no proper GMPEs model is there to consider these effects. The lack of proper 411 

GMPEs for the IGP region limits us to characterize source zones in the range of 300km for 412 

PSHA (Keshri et al.2020). When the source zones for higher magnitude at a distance greater 413 

than 300km the unrealistic PSHA results from Himalaya’s earthquake zones using GMPEs 414 

based on simulated strong motion data.  415 

 416 

7.4 Style-of-Faulting  417 

The orientation of slip on the fault plane is known as rake and dip of the fault plane, and it is 418 

characterized by the type of faulting or focal mechanism. The type of faulting is typically 419 

classified into slip (horizontal slip), reverse (dip-slip with the hanging-wall side up), thrust 420 

(same as reverse but with shallow dip), and normal (dip-slip with the hanging-wall side 421 

down). Campbell (1981) empirically demonstrated that reverse and thrust-faulting 422 

earthquakes have relatively higher ground motions than strike-slip or normal-faulting 423 

earthquakes. It has been common practice that strike-slip and normal faulting events are in 424 

the same category, and Reverse and thrust faulting events are in another category. For the 425 

study of faulting type, we have used the GCMT catalog focal mechanism solution for 426 
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magnitude M ≥5, and for magnitude M < 5 focal mechanism solution of local source region 427 

data used from seismotectonic atlas of India (GSI;2000) to define indicator 428 

variables FRV and FNM   which represents Reverse, Thrust, Normal, Strike-slip, and oblique 429 

faulting. 430 

 431 

7.5 Hanging-Wall  432 

For the study, those sites on the hanging wall exhibit more significant acceleration than those 433 

on the footwall. The hanging wall effect increased the influence of the seismic dynamic 434 

loading on structures. For the IGP model, we have modified the NGA-West, 14 hanging wall 435 

term. Only the effect due to rupture distance and magnitude were used for regression, and the 436 

other term is removed because of insufficiency of the faults data. For constraining the 437 

hanging wall, some of the terms related to RX (km), which is the closest distance to the 438 

surface projection of the top edge of the coseismic rupture plane measured perpendicular to 439 

its average strike, dip related terms were dropped from regression analysis because these data 440 

were not present in the database. 441 

 442 

7.6 Shallow Site Response  443 

Local site conditions are defined in terms of near-surface geology, shear-wave velocity, and 444 

sediment depth; it describes the earthy material lying directly beneath the site. Usually, local 445 

site conditions are categorized as soil and rock (soft or hard) types. Various GMPEs use this 446 

classification of the soil would be further divided up into shallow soil, soft soil, firm soil, and 447 

very firm soil. Moreover, in recent developments, the rock could be further divided into soft 448 

rock and hard rock (Campbell and Bozorgnia 2008, 2013 2014); shear wave velocity VS30 is 449 

used for site parameters. In this study, we have used the VS30 for local site conditions as 450 

alluvium soil site class C, 180 m/sec to 375 m/sec for soils (alluvium soil (slope washed)), 451 
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soft rock (sandstones/slates/limestones/dolomites), class B, 375 m/sec to 700 m/sec for  Soft 452 

to firm rocks and hard rock (quartzite, dolomites, schist, granodiorites, and gneiss) class A 453 

700 m/sec to 1620 m/sec for Firm/hard rocks. In our selected IGP database, the VS30 data 454 

were calculated using the USGS model, which characterizes the recording sites in 180 ≤ Vs. 455 

≤900, we caution our GMPEs for site category for VS30 ≤180 because no single data is used 456 

for this model. The upper limit for VS30 is 900m/sec of site class A, but data may be recorded 457 

in the range of 700 m/sec - 1620 m/sec. The shallow site term in the IGP model approximates 458 

an empirical estimate of site response for general site classification, and it is recommended. It 459 

may be extrapolated with caution, and it is recommended to go for site response analysis. 460 

 461 

7.7 Basin Response  462 

There is a high strain accumulation rate in the Himalaya convergent plate margins, and it 463 

releases from time to time in the region. The main fault types for the Himalayan region are 464 

mainly Reverse/Thrust faults, and it comes in the category of shallow-crustal earthquakes in 465 

active tectonic areas. Sources in the Indo-Gangetic regions deformation rates are generally 466 

low and localized in intraplate regions. This region will be highly influenced by the far-field 467 

effect of the Hindukush earthquakes and the shallow thrust earthquakes in the central 468 

Himalayas and subduction zone in the northeast region. In this study, the shallow focus 469 

earthquake is considered (ZHYPO <60 km).  470 

For the IGP model, to see how the basins impact the ground motions, the basement rock 471 

depth of sediments (Z2.5) is used for the basin response. The IGP model may be valid for the 472 

basement depth of 10-12 km, shallow basement depth, and small VS30. The estimate of basin 473 

amplification is not predicted well enough because of the jelly-like behaviour of sediment 474 

and basement resonance occurs. In this case, site response analysis is essential. 475 

 476 
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7.8 Hypocentral Depth 477 

Based on an analysis of residuals, the 60 km limit of hypocentral depth shows its dependence 478 

on between-event residuals (Fig. 5) showed that the between-event residuals were generally 479 

unbiased down to this depth. We recommend that our IGP model not be used for hypocentral 480 

depths or depths to the top of rupture greater than 70 km. This depth limit constrains the 481 

modeled earthquakes to occur in the shallow lithosphere up to 70 km. This model is not 482 

applicable for the Hindukush earthquakes, intermediate focal depth earthquakes (70-200 483 

km).  484 

 485 

 486 

 487 

8. CONCLUSIONS 488 

In the absence of proper GMPEs in the IGP region, Earthquake Strong Motion recordings 489 

from the seismically active Himalayan belt  recorded on 259 alluvium sites, 59 soft rock sites, 490 

and 197 hard rock sites of IGP are used to establish new GMPEs for the IGP region. The data 491 

set consists of 515 strong-motion seismic recordings from 140 earthquakes of moment 492 

magnitude ranging from M 3.0-7.9 with Rupture distance (RRUP) ranging from 1 -1495 493 

km.  An attempt has been made in the present paper to develop a new reference GMPE (IGP) 494 

same as CB13 and CB14. In previous models for northern India GMPEs, minimal model 495 

parameters was used. In the present study, period-dependent magnitude 496 

saturation, magnitude-dependent style of-faulting effects, scaling with hypocentral depth, 497 

fault dip, geometric attenuation, regionally dependent anelastic attenuation, hanging-wall 498 

effects, shallow linear and nonlinear site response, shallow sediment response, 499 

and  magnitude-dependent nonlinear between-event and within-event aleatory variability 500 
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have been taken as model parameters to develop GMPE based on two-stage nonlinear 501 

regression analysis. 502 

Though strong motion data for Indian region is less to develop GMPEs, the result shows that 503 

the explanatory variables explain the variation in PGA/PSA. PGA/PSA values were 504 

calibrated with previous GMPEs for northern India and worldwide for the fitted model. It is 505 

also calibrated for the PSA at different periods for the past 1999 M6.6 Chamoli earthquake 506 

for two different sites. For the alluvium and Hard rock sites, the predicted and observed 507 

values are highly correlated. Further, the future IGP model can upgrade for recorded and 508 

simulated ground motion parameters from different Himalayan regions. GMP21 will help 509 

predict ground motion parameters to compute the seismic hazard risk on the IGP and the 510 

adjacent Siwalik region 511 

 512 

 513 

9. DATA AND RESOURCES 514 

Strong motion database from https://seismo.gov.in/. The Global Centroid Moment Tensor 515 

(CMT) catalog is from http://www.globalcmt.org/. The Next Generation AttenuationWest2 516 

(NGA-West2) database is available at https://peer .berkeley.edu/thrust-areas/data-517 

sciences/databases Consortium of Organizations for Strong Motion Observation Systems 518 

Virtual Data Center (https://strongmotion center.org/vdc/scripts/earthquakes.plx), Population 519 

data from Socioeconomic Data and Applications Center (SEDAC). 520 

 521 
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Figures

Figure 1

a) Map showing the Increasing urban population and population density on the Indo-Gangetic plains and
large-to-great Himalayan earthquakes from the last 200 years. The (from left to right) Kashmir, Central,
and Assam seismic gaps, which are expected to generate M > 8 earthquakes, are identi�ed by the hatched
zones. b) Ganga, Indus, Sindhu, and Brahmaputra plains.



Figure 2

Map showing the distribution of earthquakes of M > 3 and recording stations along the Himalayan
mountain range and the IGP used in the development of the GMPEs.

Figure 3



(a) a plot of PGA and closest distance to rupture. (b) a plot of magnitude and closest distance to rupture
(c) a plot of magnitude and focal depth. (d) a plot of magnitude and time-averaged shear-wave velocity in
the top 30 m of the site. (e) a plot of basement depth and time-averaged shear-wave velocity in the top 30
m of the site.

Figure 4

Dependence of between-event residuals on earthquake magnitude.



Figure 5

Dependence of between-event residuals on hypocentral depth.



Figure 6

Dependence of within-event residuals on earthquake magnitude.



Figure 7

Dependence of within-event residuals on rupture distance for near-source distances ranging from 0 to 80
km.



Figure 8

Dependence of within-event residuals on rupture distance for far-source distances ranging from 80 to
1500 km.

Figure 9



Dependence of within-event residuals on site velocity.

Figure 10

Dependence of within-event residuals on sediment (basin) depth.

Figure 11

Dependence of within-event residuals on rock PGA.

Figure 12

Scaling of PGA with distance for the IGP model.

Figure 13

Scaling of PSA at 1.0 sec with rupture distance for the IGP model



Figure 14

Scaling of PGA with distance for strike-slip faults comparing the IGP, CB08 and CB13, models.



Figure 15

a. Scaling of PGA with distance for reverse faults comparing the CB08 and CB13 models for different
magnitudes. b. Scaling of PGA with distance for reverse faults comparing the CB08 and CB14 models
different magnitudes, basement depth and hypocentre depths.

Figure 16

Scaling of PGA with magnitude for strike-slip faults for IGP model.



Figure 17

Scaling of PSA with magnitude for strike-slip faults for IGP model.



Figure 18

Scaling of PSA with periods (M3.5, 4.5, 5.5, 6.5 and 7.5) for the IGP model for different rupture distances.



Figure 19

Scaling of PSA with site conditions and bedrock PGA for the IGP basin.



Figure 20

Aleatory standard deviations for the IGP model.

Figure 21

Shows spectral amplitude comparison of the developed equations for recorded site conditions VS30=900
m/sec using the recorded 1999 Chamoli earthquake 6.6 M.



Figure 22

Shows spectral amplitude comparison of the developed equations for recorded site conditions VS30=360
m/sec using the recorded 1999 Chamoli earthquake 6.6 M.



Figure 23

Shows spectral amplitude comparison of the developed different GMPEs for M6.5 at Rupture distance 40
Km.



Figure 24

Shows comparison of the developed different GMPEs for M6.8 at different Rupture distances.
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