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Abstract  This study has developed Intensity Pre-
diction Equations (IPEs) for the Himalayas and its 
sub-regions (divided into North-West Himalaya, 
Central Himalaya, and North-East Himalaya). For 
this purpose, intensity data reported in previous 
studies using traditional methods (like field surveys, 
media reports, and newspapers) and internet-based 
questionnaires (such as USGS’s Did You Feel It? or 
DYFI) were used to catalogue two separate intensity 
datasets. Intensities of traditional datasets were also 
reassessed for some earthquake events by different 
studies in the different scales of assignment, which 
was homogenized for the same intensity scale. IPEs 
are derived for both datasets separately using a two-
stage and one-stage regression technique. These IPEs 
are developed for a first- and second-order relation 
with respect to earthquake magnitude. A “maximum 
intensity vs. magnitude approximation of the IPE” 

approach relying on an optimal hypocentral depth has 
also been proposed to select the best-suited IPEs. The 
information-theoretic approach-based Log-likelihood 
method (Scherbaum et  al. 2009) has been used to 
check and compare developed IPE performance for 
events not used for IPE development. These newly 
developed equations can be used to assess the damage 
potential of future earthquakes.

Keywords  Earthquake · Damages · Maximum 
intensity · Intensity prediction · Predictive equation · 
DYFI

1  Introduction

The Himalayan region lies between the Indian and 
Eurasian continental plates, forming a convergent 
boundary and the world’s largest active thrust fault 
system. It is a part of the Alpine-Himalayan Orogenic 
belt (or the Tethyan Orogenic belt), extending more 
than 15,000 km (Storetvedt 1990). Its boundary on the 
western end is the Chaman fault system (a transform 
boundary of more than 850 km) between the Indian 
plate and the Helmand Block of the Eurasian Plate in 
a slightly inclined north–south direction. The East-
ern end of the region is in Myanmar, marked by the 
Sagaing fault lying on a transform boundary between 
the Indian plate and the Sunda plate (Yeats 2012). 
Major faults present in the region are of reverse slip 
type found throughout the Himalayan region, along 
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with strike-slip faults in the Indo-Burmese region. 
This region is covered with Quaternary sediments of 
Himalayan origin, forming the Indo-Gangetic plains 
with sedimentary deposits of thickness greater than 
8 km (Singh et  al. 2015). The Indian and Eurasian 
plates converge at a relative rate of 40–50 mm/yr, 
the primary cause of the central Himalayan region’s 
seismicity (Turner et al. 2013). Seismicity in the east-
ern end of the Himalayas has been attributed to the 
relative movement of the Indian plate (about 35 mm/
yr) with respect to (w.r.t.) the Sunda plate (Socquet 
et al. 2006). Major earthquake events in the Himala-
yan region include 1905 Mw 7.5 Kangra, 1934 Mw 8.1 
Bihar, 1950 Mw 8.6 Assam, 2005 Mw 7.6 Kashmir, 
and 2015 Mw 7.8 Nepal earthquakes.

As per Indian code IS 1893 (Part 1): 2016 Seismic 
Zonation Map of India, most of Northern India falls 
in Zones III and IV, with some parts lying in Zone V, 
while the whole of North-East India is under Zone V. 
As per the code, the Zones III, IV, and V correspond 
to 1964 Medvedev-Sponheuer-Karnik scale’s (or 
MSK-64) Intensities VII, VIII, and IX (and above). 
Maximum shaking intensity maps prepared by Martin 
and Szeliga (2010) based on the macroseismic obser-
vations from the past earthquakes (year 1636–2009) 
also show the occurrence of most damaging intensi-
ties being located in the higher zones of the Indian 
code. This correspondence of the region with high-
intensity values highlights the severity of the hazard 
possible in the Himalayan region. As the population 
and infrastructure multiply, future earthquake hazards 
can cause devastating effects on a developing coun-
try like India, with considerable tectonically active 
faults and seismic devastation, as evidenced in sev-
eral Himalayan earthquakes in the last few decades 
(Kayal 2008). The empirical fatality model developed 
by Jaiswal et al. (2009) for India indicates a rate of 1 
death per 25 people exposed to shaking Intensity IX 
and 1 death per 5250 people exposed to Intensity VII. 
As the population rises, there is a high possibility of 
intensity even for moderate earthquakes due to vul-
nerable infrastructure; these estimates are supposed to 
increase several folds for a future earthquake.

From the point of view of strong-motion station 
coverage, the Himalayan region has a comparatively 
smaller number of stations than similarly active 
regions (e.g., California, Japan, and the Italian penin-
sula). For the Himalayan region, only a few recently 
developed Ground Motion Prediction Equations 

(GMPEs) are available for a wide range of earth-
quake magnitudes and distances but not for different 
soil sites (Anbazhagan et al. 2019). Also, there is no 
seismic damage or risk prediction model for India 
even though India has very high seismic exposure 
and risk as per the global model. In such a scenario, 
macroseismic intensity data available for the region 
becomes invaluable for making an impact assessment 
of the earthquakes. In the absence of GMPEs (based 
on instrumentally recorded data), these intensity val-
ues become necessary for preliminary seismic hazard 
estimation and effective response against it during an 
earthquake.

This study aims to develop Intensity Predic-
tion Equations (IPEs) for the Himalayas and its sub-
regions, which will be useful for assessing the risk 
potential of future earthquakes. For this purpose, 
intensity data available through two different modes 
(traditional surveys and online sources) is utilized sep-
arately. We have also attempted to assess the predic-
tion results from the developed IPEs (based on the two 
modes) to show how they may lead to different risk/
intensity estimates.

1.1 � Intensity Prediction Equations (IPEs)

Macroseismic intensity indicates the strength of shak-
ing for an earthquake in any area, unlike instrumental 
ground motions recorded after an earthquake associ-
ated with hazards at a particular location. Intensity 
data have been used for the development of IPEs 
(e.g., Atkinson and Wald 2007; Martin and Szeliga 
2010) and Ground-motion to Intensity Conversion 
Equations (GMICEs) (e.g., Wu et al. 2003; Du et al. 
2018; Cramer 2020). IPE for a specific earthquake 
gives attenuation of intensity (I) w.r.t. a distance met-
ric such as epicentral (Repi) or hypocentral distance 
(Rhyp). IPEs developed for a region have been used 
to constrain historical pre-instrumental earthquakes’ 
magnitude and epicentral location (Musson 1996; 
Szeliga et al. 2010; Martin and Hough 2015). In the 
past, reported intensity values have also been used 
to calibrate conventional hazard probabilistic studies 
(Mucciarelli et  al. 2000). IPE-predicted results have 
also been used for planning macroseismic surveys 
after significant events (Musson 2005). Previously 
done studies for the development of IPEs for the 
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Himalayan region (Table 1) can be divided into two 
types, which are as follows:

1. IPEs derived from single or multiple earthquake 
events applicable for a sub-region of Himalaya, 
e.g., Chandra 1980; Ghosh and Mahajan 2011; 
Ghosh and Mahajan 2013; Prajapati et  al. 2013; 
Bharali et al. 2021.
2. IPEs derived from multiple earthquake events 
applicable to the Himalayan region, e.g., Ambra-
seys and Douglas 2004; Szeliga et al. 2010.

These IPEs are developed by regression analy-
ses using the observed intensity values and associ-
ated magnitude and distance parameters. These rela-
tions are approximate and keep changing as new data 
becomes available. IPEs need to be updated after 
significant earthquake events in a particular region 
to get better prediction results (Boore and Joyner 
1982, for France—Bakun and Scotti 2006, Baumont 
et al. 2018; for Italy—Gasperini 2001, Pasolini et al. 
2008a, 2008b, Gomez-Capera et al. 2023; for UK—
Musson 2005, 2013; for Turkey—Sørensen et  al. 
2009, Bayrak et  al. 2019; for Iran—Zare M 2017, 
Ahmadzadeh et  al. 2020). The development of the 
IPEs requires choosing appropriate functional forms 
which can be liable to data availability or applicabil-
ity of certain functional forms in the region.

Here, we mention applicable forms for IPEs devel-
oped in past studies for the Himalayas and other 
world areas. For some IPEs, intensity attenuation 
with distance is defined in terms of epicentral inten-
sity (I0) based on the assumptions that the intensity is 
proportional to the logarithm of the energy density or 
its power and that the seismic source is a point source 
(Howell and Schultz 1975). Chandra 1980; Ghosh 
and Mahajan 2013 (Table 1) have used this functional 
form for their IPEs. Some IPEs are in terms of earth-
quake magnitude (first-order fit) and a distance met-
ric such as epicentral (Repi) or hypocentral (Rhyp) dis-
tance. Their functional form is given as

Here, M is the magnitude for the earthquake event, 
R is the Repi or Rhyp. “a” is a calibration or scaling 
parameter; “b” represents dependence on magnitude 
or energy released; “c” represents geometrical spread-
ing which assumes a wavefront radiating from a point 
source and distributing over a spherical surface of 

(1)I = a + bM + c��R + dR
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increasing size; “d” is anelastic or intrinsic attenua-
tion (energy absorption due to internal friction) fac-
tor. Ambraseys and Douglas (2004), Szeliga et  al. 
(2010), and Ghosh and Mahajan (2011) (Table  1) 
have used this functional form while using different 
magnitude scales for their IPEs.

For IPE development, certain authors (Musson 
2005; Atkinson and Wald 2007; Atkinson et  al. 2014) 
have given IPE functional form, as used by Boore 
et  al. (1993) in GMPE developed from North Ameri-
can earthquakes. The functional form used by them has 
magnitude (a second-order fit) and distance terms which 
have a non-linear relation with the intensity (I) given as

Here, c1, c2, c3, c4, c5, c6, and c7 are regression 
coefficients, M is earthquake magnitude, R is epicen-
tral distance, and B = max{0,log10(R/50)}. We have 
not used the epicentral intensity functional form in 
the present study because of the problems associ-
ated with the determination of epicentral intensity, 
I0 (Ambraseys 2001; Musson 2005). For some earth-
quake events, the epicentral intensity value is less 
than the maximum intensity value observed. I0-based 
equations do not capture this effect. We have used 
Eq.  (2) but without the B term and using M instead 
of (M-6), as it has only a cosmetic effect on the final 
equation (Musson 2005).

In this study, we have developed separate IPEs 
for the data available from traditional sources and 
internet-based questionnaires for the Himalayas and 
its sub-regions. Then, the attenuation behaviour of 
the newly developed IPEs is compared with the pre-
viously available IPEs for the region. A likelihood-
based method has been used to assess the perfor-
mance of the IPEs for the events not considered in the 
IPE development.

2 � Dataset

Intensity data of an earthquake is available in differ-
ent forms whose quality depends upon the accuracy 
of the assigned intensity value’s reported location 
and the observer’s knowledge and experience. Allen 
et  al. (2008) have defined a quality ranking (highest 
to lowest) for the data collected from different studies 
depending upon the method used, as follows:

(2)I = c1 + c2(M − 6) + c3(M − 6)2 + c4R + c5log10R + c6Mlog10R + c7B

1. Macroseismic intensities are assigned with lati-
tude and longitude site locations, also known as 
Intensity Data Points (IDPs).
2. The historical or modern maps are digitized to 
assign intensity for different sites.
3. Did You Feel It? (or DYFI) data format by 
Atkinson and Wald (2007) uses a standard ques-
tionnaire.
4. Intensity values are assigned from isoseismal 
contours by digitizing isoseismal maps of earth-
quake events.

Types 1, 2, and 4 are generally categorized as tra-
ditional sources, whereas Type 3 is an internet-based 
questionnaire (Hough and Martin 2021). In the pre-
sent study, we have used two datasets—one con-
taining Intensities from traditional sources based on 
IDPs (hereafter referred to as the TRAD dataset) and 
another based on DYFI reports. The naming conven-
tion used for datasets (i.e., TRAD and DYFI) is the 
same as that used by Hough and Martin (2021). A list 
of all the events considered for the IPE development 
with their descriptions and macroseismic data sources 
is given in Table 2 and 3. Figure 1a shows the epicen-
tral location and magnitude of the events considered 
for both datasets occurring between 1950 and 2021.

We have used past studies with reported intensi-
ties in the literature for the preparation of the TRAD 
dataset. For the earthquake events till 2009, we 
have used the intensity data from the catalogue pre-
pared by Martin and Szeliga (2010). We have col-
lected macroseismic data reported in the literature 
for the six events occurring between 2011 and 2020. 
Studies conducted by Prajapati et  al. (2013), Mar-
tin et al. (2015), Gupta et al. (2013), Gahalaut et al. 
(2016), Debbarma et  al. (2017), and Bharali et  al. 
(2021) have been used for the traditional macroseis-
mic data. Due to the availability of earthquake inten-
sity data in different intensity scales, an equivalence 
is required between the scales to use the data. In the 
present study, we used the conversion relation given 
by Musson et al. (2010) between different scales and 
EMS-98 to use historical and current data available 
in other datasets under a single scale for analysis. We 
have adopted the following criteria for reassessment 
and inclusion of the reported intensities in our final 
TRAD dataset:
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1.	 Only intensities with exact locations and with 
numeral assignment values are included.

2.	 Due to the non-availability of descriptive infor-
mation for re-assignment and use of the term 
“Felt…” being used for a range of Intensities 
on the EMS-98 scale (see description for EMS 
Intensity II, III, IV, and V in Grünthal et  al. 
1998), we have discarded the IDPs with assign-
ment “F”.

3.	 The “round half up” rule was used for reassigning 
fractional Intensity values to be more conserva-
tive. Intensity values were assumed to be reported 
in fractions for a particular intensity assignment 
because a substantial number of observations 

corresponds to an Intensity value greater than the 
nearest lowest integer intensity value. This rule is 
like what Sørensen et  al. (2009) used for devel-
oping IPEs for a sub-region of Northwest Turkey. 
Musson (2005) advocated an opposite scheme to 
get Intensity values using their IPEs developed 
for the UK. Their data was from isoseismal maps 
(which have a different meaning than IDPs), 
which also changed the interpretation of the IPEs 
developed for the UK.

4.	 Intensities describing geotechnical effects like 
landslides, ground spreading and liquefaction 
were not considered.

Table 3   List of earthquake events considered for the DYFI Dataset along with their parameters and references. Events’ dates are as 
per Indian Standard Time (IST)

ComCat EventID given in the table will be used as “EVENTID” at the following web address: http://​earth​quake.​usgs.​gov/​earth​
quakes/​event​page/​EVENT​ID
Mw moment magnitude, Imax maximum intensity, IDP Intensity Data Point
u From USGS ANSS Comprehensive Earthquake Catalog (ComCat)
r From Rajendran et al. (2011)
i From ISC-GEM catalog (Storchak et al. 2013, 2015)
s From Singh et al. (2013)
e From Engdahl and Villasenor (2002)
g From GCMT Catalog (http://​www.​globa​lcmt.​org)

S. No Event Epicentre Mw Depth (km) Imax IDPs Scale ComCat EventID

Date Designation Lat (°N) Long (°E)

1 04 Feb 2011 INDO-MYANMAR-2011 24.62 94.68 6.2 85 6 51 MMI usp000hu2t
2 18 Sep 2011 SIKKIM-2011 27.72r 88.14r 6.9r 50r 8 198 usp000j88b
3 09 Feb 2012 UTT​ARA​KHAND-2012 30.99 78 5.3 6.2 6 19 usp000jerg
4 5 Mar 2012 DELHI-2012 28.73s 76.60s 4.6s 15s 5 27 usp000jfth
5 11 May 2012 ASSAM-2012 26.18 92.89 5.4 43.3 6 28 usp000jka9
6 01 May 2013 JAMMU-2013 33.06 75.86 5.7 15.0 5 34 usb000gjhz
7 25 Apr 2015 NEPAL-2015 28.23 84.73 7.8 8.2 8 327 us20002926
8 4 Jan 2016 MANIPUR-2016 24.80 93.65 6.7 55 8 164 us10004b2n
9 27 Nov 2016 NEPAL-2016 27.80 86.53 5.2i 10.0 5 31 us10007cuh
10 3 Jan 2017 TRIPURA-2017 24.02 92.02 5.7 32 6 40 MMI us10007pfk
11 06 Feb 2017 UTT​ARA​KHAND-2017 30.65 79.16 5.1 16.1 5 92 us20008hyg
12 12 Sep 2018 ASSAM-2018 26.37 90.16 5.3 10.0 6 54 us2000hd8v
13 24 Apr 2019 ARUNACHAL-2019A 28.41 94.56 5.9 14.0 7 49 us70003axc
14 19 Jul 2019 ARUNACHAL-2019B 27.72 92.83 5.5 15.0 5 29 us70004nrn
15 22 Jun 2020 MIZORAM-2020 23.14 93.29 5.6 10.8 4 7 us6000ag4u
16 05 Apr 2021 SIKKIM-2021 27.19 88.94 5.4 10.0 6 63 us6000dz5d
17 28 Apr 2021 ASSAM-2021 26.78 92.46 6.0 34.0 9 78 us7000dy3b
18 07 Jul 2021 MEGHALAYA-2021 25.96 90.35 5.3 10.0 7 26 us7000ej9c

http://earthquake.usgs.gov/earthquakes/eventpage/EVENTID
http://earthquake.usgs.gov/earthquakes/eventpage/EVENTID
http://www.globalcmt.org
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5.	 We have considered only those earthquake events 
from Martin and Szeliga’s (2010) dataset that 
occurred after 1950 in the Himalayas and have 
more than 15 IDPs reported.

6.	 Due to a lack of information about building types 
for some VIII + Intensity reports Prajapati et  al. 
(2013), we adopted the following criteria for the 

Intensity assignment—for locations where many 
buildings were damaged, or a few were destroyed, 
we have assigned Intensity IX. For sites where 
reports did not explicitly mention the damage 
to the infrastructure, we have given an intensity 
value of VIII (from VIII +).

Fig. 1   Himalayan earth-
quake event epicentre 
locations with their respec-
tive occurrence year from 
TRAD (in bold) and DYFI 
(in italics) datasets, along 
with some of its tectonic 
features highlighted. b 
Sub-regions of Himalaya 
(with Central Himalaya 
highlighted by yellow back-
ground) used for separate 
Intensity Prediction Equa-
tion (IPE) development 
along with their Intensity 
Data Points (IDPs) from 
both traditional (TRAD) 
and online (DYFI) datasets. 
Earthquakes’ moment mag-
nitude (Mw) has also been 
shown for all the events. 
KFL—Karakoram Fault 
Line, ITS—Indo-Tsangpo 
Suture, IEPB—Indo-Eura-
sian plate Boundary, SF—
Sagaing Fault, DT—Dauki 
Thrust  
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Our final datasets have 5742 and 1317 IDPs for 
TRAD and DYFI, respectively. Figure 2a, b shows the 
location of these IDPs. Compared to TRAD, the DYFI 
IDPs are sparse and reported more in the North-East 
Himalayas than in the Northwest Himalayas, as many 
events in the DYFI are mainly in the former region for 
the considered period. The maximum intensity reported 
in both datasets is IX on the EMS-98 scale. Figure  3 
shows observed I and Mw variation for Rhyp for both data-
sets. For TRAD and DYFI datasets, 72.5% and 91.8% 
of IDPs are below Intensity VI (EMS-98), respectively 
(Fig.  3e, f), which indicates that the TRAD intensities 
may be better suitable for predicting Intensities at higher 
levels as more accounts are available for these values.

To compare predicted intensities from TRAD and 
DYFI datasets, we have considered six earthquake 
events—SIKKIM-2011, DELHI-2012, NEPAL-2015, 
MANIPUR-2016, TRIPURA-2017, and MIZO-
RAM-2020, for which data is available in both TRAD and 
DYFI datasets. Complete TRAD and DYFI datasets were 
also considered for regression analysis to get IPEs for the 
Himalayan region. As we have many earthquake events, we 

have divided the Himalayan region into three zones. Along 
the lines of Chandra (1980), these divisions are North-West 
(N-W) Himalaya, Central Himalaya (instead of Ganga 
basin), and North-East (N-E) Himalaya (Table 4).

Intensity is a function of source, source-to-site 
distance, site condition and building types, and these 
parameters vary across regions. So, for intensity pre-
diction, it will be suitable to develop region-specific 
equations. We have done this division to segregate 
different regions’ source and site effects in the IPEs 
(Fig.  1b). Also, it helps in differentiating Intensity 
attenuation characteristics at global (or macro) and 
regional (micro) levels. This segregation has been 
done while considering the tectonics, site character-
istics and building types of the locations where differ-
ent events have occurred. Our classification is simi-
lar to Rajendran et al. (2017) who have classified the 
Himalayan arc similarly based on its seismotecton-
ics. As site characteristics influence the attenuation 
characteristics of earthquake waves near the surface, 
e.g. rocky hills and alluvium plains may amplify or 
attenuate the earthquake’s effects (Geli et  al.  1988; 

Fig. 2   a TRAD (or traditional) and b DYFI (Did You Feel IT?) intensities for Himalayan Earthquakes along with their epicentral 
locations and magnitudes. Maximum intensity and Imax locations are also indicated (with black dots) for both datasets
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Pitilakis 2004; Kaiser et  al. 2013), dividing regions 
for IPEs applicability seems suitable. Also, Intensity 
values assigned to an area after an earthquake depend 
upon the building stock types of that area (Grünthal 
et al. 1998; Dolce et al. 2003; Goda et al. 2015). In the 
Himalayan region, building stock types vary across 
different states (BMTPC 2019). Building types’ num-
bers and percentages in the N-W Himalayas differ 

from those in the N-E Himalayas and Central Himala-
yan states (BMTPC 2019).

N-W Himalayan events in our dataset lie along the 
Panjal Thrust, which includes Hazara-Kashmir syn-
taxis (Yeats 2012). For the N-E Himalayan events, we 
have considered those events whose focus lies closer to 
or along the Sagaing fault along the transform bound-
ary formed by the Indian and Sunda plates (Fig. 1a, b). 

Fig. 3   Intensity-distance 
variation in a and b, mag-
nitude-distance distribution 
in c and d, and intensity-
frequency in e and f, for 
TRAD and DYFI datasets, 
respectively
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Hence, the events occurring in Sikkim-Himalaya have 
been considered part of the Central Himalaya dataset. 
In the future, the Central Himalayan region in our data-
set can be further divided into the “Ganga Basin” and 
“Sikkim Himalaya” sub-regions as data from more sig-
nificant events become available.

3 � Methodology

3.1 � Regression analysis

For developing IPEs from the datasets considered 
in the present study, we have used the two-stage 
regression analysis method by Joyner and Boore 

(1981) (hereafter referred to as TSRA) and a multi-
ple regression analysis (MRA) procedure. TSRA has 
been used for GMPE development as it decouples 
the magnitude dependence of the dependent variable 
from the distance dependence. For the first stage of 
TSRA, we have used the functional form given:

where Ei = 1 for earthquake I.
 = 0 otherwise.
Rhyp = hypocentral distance.

(3a)I =

N
∑

i=1

�iEi + dRhyp + eln
(

Rhyp

)

Table 4   List of events used 
for IPE development for the 
sub-region of Himalaya. 
The events listed here are 
taken from TRAD and 
DYFI datasets in Table 2 
and 3, respectively

TRAD events DYFI events

S. No Event Mw IDPs S. No Event Mw IDPs

North-West Himalaya
1 KINNAUR-1975 6.8 28 1 UTT​ARA​KHAND-2012 5.3 19
2 DHARAMSALA-1986 5.5 19 2 JAMMU-2013 5.7 34
3 UTT​ARA​KASHI-1991 6.8 107 3 UTT​ARA​KHAND-2017 5.1 92
4 CHAMOLI-1999 6.6 281
5 KASHMIR-2005-A 7.6 294
6 GHARWAL-2005-B 5.1 22
7 KUMAON-2006-B 4.6 19
8 KASHMIR-2009-A 5.5 35
Central Himalaya
1 KHURJA-1956 6.0 18 1 SIKKIM-2011 6.9 198
2 GURGAON-1960 4.8 41 2 DELHI-2012 4.6 27
3 BAJHANG-1980 6.6 19 3 NEPAL-2015 7.8 327
4 UDAYPUR-1988 6.9 190 4 NEPAL-2016 5.2 31
5 SIKKIM-2006 5.3 58 5 ASSAM-2018 5.3 54
6 SIKKIM-2007-B 4.9 20 6 SIKKIM-2021 5.5 63
7 DELHI-2007 4.7 54 7 MEGHALAYA-2021 5.6 26
8 SIKKIM-2011 6.9 674
9 DELHI-2012 4.6 62
10 NEPAL-2015 7.8 3159
North-East Himalaya
1 ASSAM-1950 8.6 68 1 INDO-MYANMAR-2011 6.2 51
2 INDO-BURMA-1988 7.3 32 2 ASSAM-2012 5.4 28
3 KOLABONIA-2003 5.6 17 3 MANIPUR-2016 6.7 164
4 MANIPUR-2016 6.7 394 4 TRIPURA-2017 5.7 40
5 TRIPURA-2017 5.6 95 5 ARUNACHAL-2019A 5.9 49
6 MIZORAM-2020 5.6 36 6 ARUNACHAL-2019B 5.5 29

7 MIZORAM-2020 5.6 7
8 ASSAM-2021 6.0 78
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 = 
√

(

R2
epi

+ h2
)

 ; here Repi = Epicentral distance, 

h = focal depth.
I = macroseismic intensity (EMS-98).
In the first stage, coefficients αi, d, and e are 

obtained by linear regression analysis. In the second 
stage, αi are used to find the coefficient corresponding 
to the magnitude for a first or second-order depend-
ence using the following relation:

where Mi = magnitude of earthquake i. For getting a 
linear (first-order) relation w.r.t magnitude c = 0. The 
final functional form is given as

Here we used moment magnitude (Mw) and also 
new generalized moment magnitude scale (Mwg) 
also known as Das magnitude scale developed by 
Das et  al. (2019). Mwg applies to a wide earthquake 
magnitude range and represents better for seismic 
moment for moment magnitudes less than 7.5 (Das 
et al. 2023). In the present study, we have regressed 
the data w.r.t. Mw for IPEs, but given the applicability 
range of IPEs in both Mw and Mwg scales for robust 
predictions w.r.t earthquake magnitude. Further, we 
have utilized relationships between magnitude scales 
and seismic moment (M0) given by Das et al. (2019) 
(for Mwg vs. M0) and Hanks and Kanamori (1979) (for 
Mw and M0) to arrive relation between Mw and Mwg.

Substituting seismic moment, M0 into Das et  al. 
(2019) relation, which is given as

The final relationship between Mw and Mwg 
obtained is given as

This relation has been used to calculate the mag-
nitude applicability range of IPEs. The above rela-
tionship also confirms the observations made by 

(3b)�i = a + bMi + cM2
i

(4)I = a + bM + cM2 + dRhyp + eln
(

Rhyp

)

(5a)Mw =
2

3
logM0 − 10.7

(5b)Mwg =
logM0

1.36
− 12.68

(5c)Mwg = 1.103Mw − 0.878

Das et al. (2019) and Das et al. (2023) that in mag-
nitudes less than 7.5, the Mw scale overestimates the 
earthquake magnitudes while closely matching for 
the higher values (7.5 ≤ magnitude ≤ 9.0) with Mwg. 
Figure 4a shows the relation between Mw versus Mwg 
given by Eq.  (5c); also, data points of Table  3 are 
from Das et al. (2019).

3.2 � IPE comparison for prediction

Log-likelihood or LLH method (Scherbaum et  al. 
2009; Delavaud et al. 2012) has been used to assess 
IPE performance for events (other than those consid-
ered in the dataset) that occurred in the Himalayan 
region. This method has been used in past studies 
for testing the performance and ranking of GMPEs 
in seismic hazard studies (Beauval et  al 2012; 
Anbazhagan et al. 2016; Bajaj and Anbazhagan 2019; 
Alpyürür and Lav 2022). LLH is defined as

Here, y = {yi}, i = 1, …, N are the observation from 
the event for which IPE performance is being com-
pared at an epicentral/hypocentral distance Rj, and 
g(yi) is the probability density function (Fig.  4b). 
LLH value for each event is calculated using mean 
values predicted through respective IPEs and their 
standard deviation (σ) values assuming a normal 
distribution.

Here,

Here, Ipred,j is the predicted intensity value by an 
IPE at the distance Rj. LLH methods measure the 
likelihood that the considered model has produced 
the dataset for a particular event.

4 � Results and discussion

Coefficients obtained after TSRA for different data-
sets are given in Table 5. Next, we performed MRA 
on all the datasets’ results, which are given in Table 6.

(6)LLH(g, y) = −
1

n

N
∑

i=1

log2
(

g
(

yi
))

(7)g
�

yi
�

=
1

�

√

2�
exp

�

yi − Ipred,j

�

�2
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Fig. 4   a Generalized 
moment magnitude (Mwg) 
vs. moment magnitude 
(Mw) relationship shown 
using Eq. 5(c). Calculated 
Mw and Mwg values given 
in Das et al. (2019) Table 3 
(394) events are also shown. 
b Schematics of LLH 
method applied to a typical 
earthquake IDPs

4.1 � IPEs for events with both TRAD and DYFI data

To compare the intensity attenuation behaviour for data 
collected using traditional sources and Internet-based 

questionnaires, data from the six earthquake events’ 
TSRA IPEs is considered. Figure 5 shows the I (EMS-
98) plot vs. Repi for an earthquake of Mw 7.0 and Mw 5.0. 
Coefficients obtained by TSRA (Table  5) are used for 
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these attenuation curves. From Fig. 5, one can observe 
that TRAD-based IPEs consistently predict higher 
Intensities than DYFI. Predicted intensities using TRAD 
are higher by almost half to one complete Intensity unit 
between 50 and 700 km for Mw 7.0. The difference in 
predicted intensity is more pronounced for an Mw 5.0 
earthquake, where predicted intensity using DYFI is a 
unit lower than TRAD-based prediction. The influence 
of attenuation due to geometric spreading is more signif-
icant in the DYFI than in the TRAD dataset. The anelas-
tic attenuation effect is negligible for the DYFI over the 
whole distance range (Fig. 5).

In comparison, its influence can be seen in TRAD 
IPEs after an approximate distance of 200 km for 
all three Mw, where the rate of intensity attenuation 
increases. The discrepancy in the effect of anelastic 
attenuation in the TRAD and DYFI datasets may per-
tain to the difference in their characteristics, or one 
may represent the region’s attenuation behaviour. This 
remains inconclusive as the number of earthquakes 
is significantly less, and the area under observation is 
large. As the magnitude value increases, this difference 
reduces for both the first and second order fit (Fig. 5).

4.2 � Comparison of two‑stage (TSRA) and one‑stage 
regression (MRA)

Musson (2005) has discussed using two-stage or 
one-stage regression procedures for IPEs while 
questioning the advantage of TSRA against a one-
stage regression procedure (such as MRA). As 
in IPEs, intensity (the dependent variable) is not 
derived using instrumental data, and Mw (the inde-
pendent variable) is derived using instrumental 
data; the error in measuring Mw will not affect the 
errors in distance coefficients. However, this is not 
the case with GMPEs, where dependent variables 
such as Peak Ground Acceleration (PGA) or Peak 
Ground Velocity (PGV) are also obtained from 
instrumental data. To check the adequacy of TSRA 
for our datasets, we have used MRA w.r.t. Mw and 
Rhyp for the functional form given by Eq.  (5). The 
obtained MRA and TSRA results (Table  5 and 6) 
are comparable from the point of view of R-square 
and RMSE (or standard deviation, σ in this case). 
MRA’s R-square values are equal to or slightly 
greater than corresponding TSRA values for all 

Table 5   Coefficients value 
for IPEs (with first-order 
and second-order relation 
w.r.t. Mw) of functional 
form I = a + b Mw + c 
Mw

2 + d Rhyp + e ln (Rhyp) 
using TSRA. “Six TRAD 
(/DYFI) events” refer to 
the events with Intensity 
data available in both 
TRAD and DYFI datasets, 
i.e., SIKKIM-2011, 
DELHI-2012, NEPAL-
2015, MANIPUR-2016, 
TRIPURA-2017, and 
MIZORAM-2020

Two-stage regression analysis (TSRA) results

Dataset a b c d e Adjusted 
R-square

RMSE (σ)

Six TRAD events 6.15 0.55 –  − 0.0012  − 0.84 0.51 0.91
Six DYFI events 4.70 0.91 –  − 0.00007  − 1.20 0.26 1.20
TRAD dataset 3.50 0.96 –  − 0.0011  − 0.92 0.54 0.94
DYFI dataset 4.31 0.84 –  − 0.00003  − 1.04 0.29 1.11
N-W Himalaya TRAD 2.76 1.16 –  − 0.0013  − 1.05 0.75 0.78
Central Himalaya TRAD 2.33 1.08 –  − 0.0013  − 0.84 0.45 0.99
N-E Himalaya TRAD 6.89 0.38 –  − 0.0012  − 0.77 0.57 0.92
N-W Himalaya DYFI 1.30 0.8 –  − 0.0006  − 0.45 0.08 0.93
Central Himalaya DYFI 4.58 0.81 –  − 0.00017  − 1.06 0.32 1.13
N-E Himalaya DYFI 5.27 0.93 – 0.00079  − 1.33 0.31 1.08
Six TRAD events 0.008 2.59  − 0.16  − 0.0012  − 0.84 0.52 0.90
Six DYFI events 4.71 0.90 0.0002  − 0.00007  − 1.20 0.26 1.20
TRAD dataset  − 2.34 2.86  − 0.15  − 0.0011  − 0.92 0.56 0.91
DYFI dataset 0.14 2.22  − 0.11  − 0.00003  − 1.04 0.31 1.10
N-W Himalaya TRAD 5.93 0.09 0.09  − 0.0013  − 1.05 0.75 0.78
Central Himalaya TRAD 0.70 1.63  − 0.05  − 0.0013  − 0.84 0.47 0.96
N-E Himalaya TRAD 16.84  − 2.56 0.21  − 0.0012  − 0.77 0.53 0.95
N-W Himalaya DYFI 233.76  − 85.24 7.95  − 0.0006  − 0.45 0.15 0.89
Central Himalaya DYFI 3.20 1.27  − 0.04  − 0.00017  − 1.06 0.32 1.12
N-E Himalaya DYFI  − 6.96 5.00  − 0.34 0.00079  − 1.33 0.31 1.08
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datasets. Also, MRA’s RMSE (here σ) values are 
equal to or less than values obtained from TSRA 
results, although the difference is negligible.

Next, the question comes as to which regression 
coefficients must be used for IPEs, as the adjusted 
R-square and RMSE values are almost similar for the 
two regression methods. It can be reasoned as fol-
lows: The IPE equation for its limiting case of a given 
minimum hypocentral distance should converge to the 
relation between Imax vs. Mw developed for the dataset, 
which has also been used for the equation. It implies 
that IPE should approximate an Imax vs. Mw relation at 
a minimum hypocentral distance. The determination 
of this hypocentral distance can be done as follows. In 
literature, IPEs have been derived using the following 
functional form (Eq. (1) + second-order term for Mw):

(8)

I = a + bMw + cM2
w
+ d

√

(R2
epi

+ h2) + eln

(

√

(R2
epi

+ h2)

)

where Repi refers to epicentral distance, h is the focal 
depth. The “h” in Eq.  (8) is called nominal depth, h0 
(Musson 2005), and is derived (if not known) using MRA 
while optimizing the residuals. This h0 can be used for 
our comparison of TSRA and MRA. But in the present 
case, we have derived IPEs as per Eq.  (9) (as we have 
focal depth data available), and so we need a value of Rhyp 
at which we will check which one of our IPE (TSRA or 
MRA) better approximates the Imax vs. Mw relation.

For this, we minimized RMSE (Root-Mean 
Squared Error) for different values of Rhyp using 
Eq.  (9) (with Imax and Mw from TRAD and DYFI) 
and obtained a value for which RMSE is the least. 
This Rhyp value we named “optimal depth”, hd. This 
hd value is different from than h0 value. Table 7 has 
RMSE results obtained based on hd values, and the 
h0 values are also reported. In Fig.  6, we plotted 
RMSE results from the RMSE minimization. The 

(9)I = a + bMw + cM2
w
+ dRhyp + eln(Rhyp)

Table 6   Coefficients value for IPE of functional form 
I = a + b Mw + c Mw

2 + d Rhyp + e ln (Rhyp) using MRA. “Six 
TRAD (/DYFI) events” refer to the events with intensity 

data available in both TRAD and DYFI datasets, i.e., SIK-
KIM-2011, DELHI-2012, NEPAL-2015, MANIPUR-2016, 
TRIPURA-2017, and MIZORAM-2020

Multiple regression analysis (MRA) results

Dataset a b c d e Adjusted 
R-square

RMSE (σ)

Six TRAD events 6.54 0.46 –  − 0.0012  − 0.80 0.52 0.90
Six DYFI events 5.16 0.70 –  − 0.0004  − 1.00 0.28 1.19
TRAD dataset 4.80 0.70 –  − 0.0013  − 0.81 0.55 0.92
DYFI dataset 4.66 0.69 –  − 0.00028  − 0.91 0.30 1.1
N-W Himalaya TRAD 2.65 1.18 –  − 0.0013  − 1.05 0.75 0.78
Central Himalaya TRAD 4.31 0.68 –  − 0.0016  − 0.69 0.51 0.93
N-E Himalaya TRAD 6.27 0.54 –  − 0.00089  − 0.87 0.58 0.91
N-W Himalaya DYFI 1.79 0.55 –  − 0.00092  − 0.24 0.12 0.92
Central Himalaya DYFI 4.58 0.74 –  − 0.00037  − 0.96 0.32 1.13
N-E Himalaya DYFI 6.73 0.67 – 0.00076  − 1.30 0.31 1.08
Six TRAD events 0.43 2.37  − 0.14  − 0.0011  − 0.86 0.52 0.9
Six DYFI events  − 1.38 2.93  − 0.17  − 0.00012  − 1.16 0.28 1.18
TRAD dataset  − 4.01 3.46  − 0.20  − 0.0012  − 0.87 0.57 0.91
DYFI dataset  − 2.92 3.18  − 0.19  − 0.00011  − 0.98 0.32 1.09
N-W Himalaya TRAD 2.46 1.24  − 0.005  − 0.0013  − 1.05 0.75 0.78
Central Himalaya TRAD  − 5.21 3.80  − 0.24  − 0.0014  − 0.79 0.53 0.91
N-E Himalaya TRAD 3.58 1.37  − 0.06  − 0.0008  − 0.92 0.58 0.91
N-W Himalaya DYFI 233.76  − 85.24 7.95  − 0.00062  − 0.45 0.15 0.91
Central Himalaya DYFI  − 3.86 3.56  − 0.22  − 0.00017  − 1.06 0.34 1.11
N-E Himalaya DYFI  − 19.27 9.14  − 0.69 0.00074  − 1.27 0.32 1.08
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h0 values were obtained for our TRAD and DYFI 
datasets following the procedure described by Mus-
son 2005. The way hd has been defined, its RMSE is 
supposed to be less than the RMSE obtained based 
on h0 for the second-order TSRA and MRA IPEs 
derived based on Rhyp. So, we have used hd’s RMSE 
results to select TRAD and DYFI coefficients. Based 
on this, TRAD’s MRA-based RMSE (0.74) and 
DYFI’s TSRA-based RMSE (0.98) are the lowest 
(Table  7); hence, we would recommend the corre-
sponding coefficients for IPEs.

We have used the same procedure for selecting 
the IPEs from TSRA and MRA for sub-regions of 
Himalaya. Based on RMSE results, one can argue 
that the difference in RMSE values obtained after 
applying IPEs approximation with Imax vs. Mw rela-
tion for the TSRA and MRA are insignificant. How-
ever, this comparison has been made to show how 
one can compare different IPEs for a region while 
giving more weightage to the Imax prediction capa-
bility of the IPEs. This procedure can also be used to 
get the hd value for an IPE.

Fig. 5   Variation of pre-
dicted intensity (I) w.r.t. 
epicentral distance (Repi) 
for hypothetical Mw 7.0 
(in a, b) and Mw 5.0 (in c, 
d) earthquakes using the 
six-earthquake data which 
have data available in both 
TRAD and DYFI datasets. 
IPE coefficients obtained 
from TSRA for “Six Trad 
Events” have been used 
(Table 5). In e and f, Imax 
w.r.t. Mw variation using the 
same IPEs has been shown (a) (b)
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4.3 � IPE for the Himalayan region

Based on the beforementioned discussion, IPEs obtained 
from the MRA and TSRA for TRAD and DYFI datasets, 
respectively, for the whole Himalayan region are

Optimal depth (hd) values are also given, which 
can be used as a minimum value of Rhyp. IPE’s 
applicable magnitude (Mw or Mwg) range corre-
sponds to the degree of magnitudes used for regres-
sion. Residual plots for Eqs. (10) and (11), indicat-
ing variation of residuals (ε) defined as (observed 
intensity, Iobs)–(predicted intensity, Ipred) vs. Rhyp 
are shown in Fig. 7a, b, respectively. Also, median 

(10)

I(TRAD) = −4.01 + 3.46M − 0.21M2 − 0.0012Rhyp − 0.87ln
�

Rhyp

�

here M ∈

⎧

⎪

⎨

⎪

⎩

4.6 ≤ Mw ≤ 8.6 if M = Mw

4.2 ≤ Mwg ≤ 8.6 if M = Mwg

R2 = 0.56, � = 0.91;hd = 13km

(11)

I(DYFI) = 0.14 + 2.22M − 0.11M2 − 0.00003Rhyp − 1.04ln
(

Rhyp

)

hereM ∈

{

4.6 ≤ Mw ≤ 7.8 if M = Mw

4.2 ≤ Mwg ≤ 7.7 ifM = Mwg

R2 = 0.31, � = 1.10;hd = 9km

residual values (lying closer to the zero axis), along 
with error bars representing a unit standard devia-
tion, are shown in the figures. The slope and inter-
cept term of a fit for residuals indicates that the 
mean error values are very close to zero over the 
Rhyp range.

4.4 � IPE for North‑West (N‑W) Himalaya

For N-W Himalaya, IPEs are taken from the TSRA 
results for both TRAD and DYFI datasets, as the 
obtained RMSE (hd) were the least for the TSRA. 
These IPEs are

The R-square value of 0.75 for Eq. (12) is the high-
est compared to all other IPEs, indicating that derived 
IPEs have relatively better prediction capability. In 
contrast, the same area’s R-square value for DYFI data 
is the lowest. The low R-square value is because there 
are fewer events (only 3), and the observed scatter is 
more for a small magnitude range. A plot of residuals 
for Eqs. (12) and (13) is shown in Fig. 7c, d, respec-
tively. The scatter of residuals shows that mean error 
values for TRAD-based IPEs are consistently closer 
to zero than their DYFI counterpart. This difference 
is primarily due to the low number of IDPs used for 
the N-W DYFI dataset (Table 4). For DYFI, the effect 
of fewer IDPs leading to non-zero mean residuals is 
more pronounced at near-site distances (< 50 km).

Ghosh and Mahajan (2011), (2013) have given IPEs 
(G&M11 and G&M13 in Table 1) for N-W Himalaya 
based on the surface magnitude (Ms) scale. Das et al. 
(2011) relationship between Ms and Mw has been used 
(while using different formulas for conversion depend-
ing on magnitude range) to compare their IPEs with 
Eqs. (10) and (11). Intensity attenuation due to geo-
metric spreading in Fig. 8 is almost similar for G&M11 
and TRAD’s IPE (Eq.  (12)). Still, the predicted 

(12)

I(TRAD) = 5.93 + 0.085M + 0.09M2 + 0.0013Rhyp − 1.05ln
�

Rhyp

�

here M ∈

⎧

⎪

⎨

⎪

⎩

4.6 ≤ Mw ≤ 7.6 if M = Mw

4.2 ≤ Mwg ≤ 7.5 if M = Mwg

,

R2 = 0.75, � = 0.78;hd = 7km

(13)

I(DYFI) = 233.76 − 85.24M + 7.95M2 − 0.0006Rhyp − 0.45ln
�

Rhyp

�

here M ∈

⎧

⎪

⎨

⎪

⎩

5.1 ≤ Mw ≤ 5.7 if M = Mw

4.7 ≤ Mwg ≤ 5.4 if M = Mwg

,

R2 = 0.15, � = 0.89;hd = 22km

Table 7   Nominal (h0) and optimal (hd) depth results obtained 
for different IPEs (see text for explanation). Results of the min-
imum value of Root–Mean Squared Error (RMSE) correspond-
ing to the hd obtained from the Imax data for different regions 
and their respective predictive values are also given

Dataset (regression method) h0 hd RMSE (hd)

TRAD (TSRA) 30 10 0.75
TRAD (MRA) 34 13 0.74
DYFI (TSRA) 19 9 0.98
DYFI (MRA) 17 16 0.99
N-W Himalaya TRAD (TSRA) 20 7 0.34
N-W Himalaya TRAD (MRA) 21 7 0.37
N-W Himalaya DYFI (TSRA) 7 22 0.57
N-W Himalaya DYFI (MRA) 7 28 0.58
Central Himalaya TRAD (TSRA) 59 9 0.58
Central Himalaya TRAD (MRA) 71 9 0.61
Central Himalaya DYFI (TSRA) 20 11 0.50
Central Himalaya DYFI (MRA) 19 13 0.51
N-E Himalaya TRAD (TSRA) 9 14 1.12
N-E Himalaya TRAD (MRA) 1 13 1.09
N-E Himalaya DYFI (TSRA) 23 13 1.30
N-E Himalaya DYFI (MRA) 21 16 1.30



J Seismol	

1 3
Vol.: (0123456789)

epicentral intensities by G&M11 for a hypothetical 
major earthquake (Mw7.0) are almost a unit higher as 
compared to TRAD one. In contrast, those predicted 
by G&M13 are a unit lower. Anelastic attenuation 
behaviour for G&M11 and TRAD is almost similar 
and has a pronounced effect at far-site distances (> 200 
km). In contrast, for G&M13, it is almost negligible. 
DYFI’s predicted IPEs for Mw 5.0 show the least mag-
nitude of geometric attenuation and almost zero effect 
of anelastic attenuation. For Mw 7.0, we have not drawn 
the DYFI’s corresponding plot as it is outside the Mw 
limits for the IPE and gives erroneous results.

4.5 � IPE for Central and North‑East (N‑E) Himalaya

IPEs obtained from TSRA results for the TRAD and 
DYFI dataset (as per events in Table  4 for Central 
Himalaya) are

(14)

I(TRAD) = 0.70 + 1.63M − 0.046M2 − 0.0013Rhyp − 0.84ln
�

Rhyp

�

here M ∈

⎧

⎪

⎨

⎪

⎩

4.6 ≤ Mw ≤ 7.8 if M = Mw

4.2 ≤ Mwg ≤ 7.7 if M = Mwg

,

R2 = 0.47, � = 0.96;hd = 9km

Fig. 6   RMSE (Root-Mean 
Squared Errors) vs. Rhyp 
plots for TRAD in a and 
DYFI in b using Eq. (9). 
Coefficients used in Eq. (9) 
correspond to results 
obtained for second-order 
fit in Table 3 and 4. Rhyp 
values corresponding 
to minimum RMSE are 
“optimal depth, hd” for that 
dataset, given in Table 7
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N-E Himalayan region IPEs from MRA and TSRA 
results for TRAD and DYFI datasets (prepared for 
the earthquake listed in Table  4 for N-E Himalaya), 
respectively, are

Residual plots for Eqs. (14)–(17) against Rhyp are 
shown in Fig.  9, along with the mean and standard 
deviation of residuals indicated with error bars. Mean 

(15)

I(DYFI) = 3.19 + 1.27M − 0.036M2 − 0.00017Rhyp − 1.06ln
�

Rhyp

�

here M ∈

⎧

⎪

⎨

⎪

⎩

4.6 ≤ Mw ≤ 7.8 if M = Mw

4.2 ≤ Mwg ≤ 7.7 if M = Mwg

,

R2 = 0.32, � = 1.12;hd = 11km

(16)

I(TRAD) = 3.58 + 1.37M − 0.058M2 − 0.0008Rhyp − 0.92ln
�

Rhyp

�

here M ∈

⎧

⎪

⎨

⎪

⎩

5.6 ≤ Mw ≤ 8.6 if M = Mw

5.3 ≤ Mwg ≤ 8.6 if M = Mwg

,

R2 = 0.58, � = 0.91;hd = 13km

(17)

I(DYFI) = −6.96 + 5.00M − 0.34M2 + 0.00079Rhyp − 1.33ln
�

Rhyp

�

here M ∈

⎧

⎪

⎨

⎪

⎩

5.4 ≤ Mw ≤ 6.7 if M = Mw

5.1 ≤ Mwg ≤ 6.5 if M = Mwg

,

R2 = 0.31, � = 1.07;hd = 13km
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values for a particular distance bin are generally 
closer to zero over the range of Rhyp values, except for 
near-site distances (< 30 km) for the TRAD Central 
Himalayas, where intensities are overpredicted. An 
approach like Allen et al. (2012) for IPEs or by Bajaj 
and Anbazhagan (2018) for GMPEs may be used to 
resolve these issues by developing separate IPEs for 
different distance metric ranges (e.g., near- or far-site) 
or magnitude ranges for same regions.

But, in our dataset for Central Himalaya, the number 
of IDPs in these distance ranges is too low to produce any 
significant advantage for the intensity prediction. DYFI resid-
uals for these regions also show this pattern due to a small 
number of IDPs at this Rhyp range. Standard deviation 
values for the DYFI residuals over the bins are consist-
ently higher than their TRAD counterpart (Fig. 9).

Prajapati et al. (2013) have given IPE applicable for 
Sikkim Himalaya (Table 1) by using five events, four 

Fig. 7   Variation of 
residuals, i.e., (observed 
intensity)–(predicted inten-
sity) or (Iobs–Ipred) w.r.t the 
hypocentral distance, Rhyp 
for Himalaya (a, b), N-W 
Himalaya in (c, d), using 
TRAD (circles) and DYFI 
(squares) datasets, respec-
tively. Error bars represent 
the standard deviation for 
a given distance bin. A 
linear fit between residuals 
(ε = Iobs − Ipred) and Rhyp 
with functional form: ε = α 
ln(R) + β has also been 
plotted

(a)

(b) 

(c)

(d)

ε = -0.02ln(R) + 0.15

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)

ε = 0.0012ln(R) - 0.02

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)

ε = -0.022ln(R) + 0.18

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)

ε = -0.004ln(R) + 0.018

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)



J Seismol	

1 3
Vol.: (0123456789)

Fig. 8   Intensity vs. Repi 
plots for hypothetical events 
of magnitude a Mw 5.0 and 
b Mw 7.0 in N-W Hima-
laya using different IPEs 
developed for the region. 
G&M11 and G&M13 were 
used after applying Das 
et al. (2011) relation for 
conversion between Ms 
and Mw. TRAD: Eq. (12); 
DYFI: Eq. (13)
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Fig. 9   Variation of 
residuals, i.e., (observed 
intensity)–(predicted inten-
sity) or (Iobs–Ipred) w.r.t. the 
hypocentral distance, Rhyp 
for Central Himalaya in a 
and b, and N-E Himalaya in 
c and d using TRAD (cir-
cles) and DYFI (squares) 
datasets, respectively. Error 
bars represent the stand-
ard deviation for a given 
distance bin. A linear fit 
between residuals (ε) and 
Rhyp with functional form: 
ε = α ln(R) + β has also been 
plotted

(a)

(b)

(c)

(d) 

ε = -0.075ln(R) + 0.2771

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)

ε = -0.015ln(R) + 0.101

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)

ε = -0.004ln(R) + 0.0143

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)

ε = -0.008ln(R) + 0.0894

-4

-2

0

2

4

000100101

I o
b
s
 -
I p
r
e
d

R
hyp

(in km)



	 J Seismol

1 3
Vol:. (1234567890)

Fig. 10   Intensity variation 
w.r.t. distance for the Hima-
layan region obtained using 
different IPEs developed 
for the area, for a Mw5.0; 
c Mw6.0; e Mw7.0; and g 
Mw8.0 hypothetical earth-
quakes. TRAD: Eq. (10); 
DYFI: Eq. (11); A&D04: 
Ambraseys and Douglas 
(2004); Sze10: Szeliga et al. 
(2010); Allen12: Allen et al. 
(2012)
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Fig. 11   Intensity varia-
tion w.r.t. distance for the 
sub-regions of Himalaya 
obtained using different 
IPEs, for a, b Mw 5.0; c, d 
Mw 6.0; e, f Mw 7.0; and 
g, h Mw 8.0 hypothetical 
earthquakes
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of which lie in the Central Himalayan region (including 
SIKKIM-2011), as per our criteria. The fifth event they 
have used is ASSAM-1950, which we have included in 
our North-East Himalaya dataset. From the IPE they 
reported, we have found that the intensity predicted by 
their IPE gives erroneous results, possibly due to unu-
sual regression coefficient values reported.

4.6 � Comparison of IPEs with past studies

Ambraseys and Douglas (2004) and Szeliga et  al. 
(2010) have developed IPEs for the whole Himalayan 
region based on data from traditional sources. Allen 
et al. (2012) have developed IPEs (for Mw 5.0–7.9 and 
Rhyp ≤ 300 km) for active crustal areas (which also 
include the Himalayas) using global macroseismic 
Intensity observations (13,077 IDPs) collected from 
traditional and DYFI reports. They have developed 
separate IPEs based on the IDP’s distance from the 
fault rupture (Rrup) and Rhyp metrics. Their functional 
form of IPEs differs slightly from those given in Eqs. 
(1) and (2). For comparison with our IPEs, we have 
used the IPE given by Allen et  al. (2012) for Rhyp 
(hereafter referred to as Allen12). They have high-
lighted the overestimation issues of IPEs for near-
site distances. In comparison to TRAD IPE (Eq. 10), 
A&D04 shows higher anelastic attenuation over the 
far-site distances (> 100 km) for different earthquake 
magnitudes (Fig. 10), whereas for Sze10, Allen12 and 
DYFI, this effect is negligible. For near-site distances, 

Intensity attenuation due to geometric spreading is 
highest in Sze10, followed by (in order) Allen12, 
A&D04, and DYFI. A&D04 and Sze10 predict epi-
central intensities (I0) 1–2 units higher (for Mw 8.0) 
than TRAD and DYFI.

For lower magnitude (Mw 6.0), I0 expected by 
A&D04 and DYFI matches, whereas those indicated by 
Sze10 are almost a unit higher. Allen et al. (2012) have 
mentioned that their IPEs underestimate the intensity for 
Mw 5.0–5.5, the possible cause of which is the lack of 
low-intensity IDPs at far-site distances. The scaling of I0 
w.r.t. Mw has the highest magnitude for A&D10 and the 
lowest for the DYFI dataset. The difference in predicted 
TRAD and DYFI intensities remains almost the same 
(< 0.5 Intensity units) for the entire Mw (5–8) range.

If we compare the IPEs developed for sub-
regions of the Himalayas (Fig. 11), for lower mag-
nitudes (Mw 5.0 and Mw 6.0), Intensities predicted 
by N-E Himalayan TRAD IPE (Eq. 16) are consist-
ently higher as compared to the other two regions 
between Mw 5.0–7.0. Attenuation due to geomet-
ric spreading is slightly higher (Fig.  11) for N-W 
Himalaya than the other two areas for TRAD-based 
IPEs. The effect of anelastic attenuation for TRAD 
IPEs is the same for N-W and Central Himalaya, in 
which a near-parallel drop in predicted intensities 
(at far-site distances) can be observed.

DYFI-based IPE for N-W Himalaya (Eq.  (13)) 
and N-E Himalaya (Eq.  (17)) show a consider-
able deviation in Fig.  11 from those predicted by 

Table 8   Events considered to check the suitability of prediction equations. ComCat EventID given in the table will be used as 
“EVENTID” at the following web address: http://​earth​quake.​usgs.​gov/​earth​quakes/​event​page/​EVENT​ID

Mw moment magnitude, Imax maximum intensity, IDP Intensity Data Point
*Mw obtained after using Das et al. (2011) relationship between Mw and mb

S. No Event Epicentre Mw Focal 
depth 
(km)

Imax IDPs Scale ComCat EventID

Date Designation Lat
(°N)

Long
(°E)

1a 12 May 2015 DOLAKHA-2015 (TRAD) 27.81 86.07 7.3 15.0 8 1263 EMS-98 -
1b 12 May 2015 DOLAKHA-2015 (DYFI) 27.81 86.07 7.3 15.0 8 261 MMI us20002ejl
2 05 Apr 2021 BHUTAN-2021 27.19 88.94 5.5* 10.0 6 63 us6000dz5d
3 25 Nov 2021 MYANMAR-2021 22.82 93.51 6.2 43 8 97 us7000fx45
4 31 Jul 2022 NEPAL-2022A 27.13 86.78 5.3* 10.0 6 30 us6000i6vr
5 08 Nov 2022 NEPAL-2022B 29.29 81.16 5.7 11.0 8 137 us7000incn
6 24 Jan 2023 NEPAL-2023 29.58 81.66 5.4 33.1 7 28 us6000jivm
7 13 Jun 2023 JAMMU-2023 33.12 75.91 5.2 10.0 7 39 us7000k850
8 16 Jun 2023 BANGLADESH-2023 24.73 92.02 5.2* 10.0 6 24 us7000k8uw
9 14 Aug 2023 ASSAM-2023 24.98 92.25 5.3 36.6 6 47 us6000kzvl

http://earthquake.usgs.gov/earthquakes/eventpage/EVENTID
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corresponding TRAD-based IPEs (Eqs. (12) and 
(16)). This is due to the limited magnitude range 
of applicability for both IPEs compared to their 
TRAD-based counterparts. Hence, we would rec-
ommend considering the Mw (or Mwg) range while 
using these IPEs. The Central Himalayan IPEs (Eqs. 
(14) and (15)) predict similar intensities for Mw 
5.0–7.0, but a deviation (positive or negative) of the 
approximately half-intensity unit can be observed 
(Fig.  11). At Mw 8.0, N-W TRAD IPE predicted 
consistently higher Intensities than all other IPEs, 
possibly due to the type of building infrastructure in 
these regions.

The coefficient of the Mw
2 term is negative for all 

other IPEs Eqs. (10)–(17) except for Eqs. (12) and (13) 
N-W Himalaya IPEs, which is as expected because 
intensity values should saturate over higher Mw val-
ues as the observed effects defined for higher intensi-
ties are infrastructure dependent (Atkinson and Boore 
2003; Musson 2005). But like Atkinson and Boore 
(2003) and Musson (2005), the coefficients for N-W 
Himalaya are positive. Atkinson and Boore (2003) 
have avoided this issue by refitting the quadratic 
functional form with an equivalent linear fit, whereas 
Musson (2005) has justified it based on the explana-
tion given by Fukushima (1996). Fukushima (1996) 
highlighted that a positive coefficient for Mw

2 can 
be observed for the predictions based on the Richter 
scale (ML) due to the difference in magnitude scaling 
w.r.t. seismic moment. We have not changed Eq. (12) 
over its applicable range because the predicted I vs. 
Mw relation is almost linear, whereas for Eq. (13), the 
improvement in the model by including Mw

2 is signifi-
cant compared to a linear one and the applicable Mw 
range is small such that the positive coefficient would 
not highly exaggerate the predicted intensities.

4.7 � A check for IPE performance

To assess how the newly developed IPEs perform, we 
have utilized DYFI data from the USGS website for the 

Table 9   LLH values calculated for the different events using 
TRAD and DYFI equations applicable for whole, N-W, Cen-
tral, and N-E Himalayan regions (minimum values are under-
lined). LLH values in rows corresponding to TRAD (columns 
2–5) have been calculated from Eq. 10, Eq. (12), Eq. (14), and 
Eq.  (16), and for DYFI rows (columns 2–5) using Eq.  (11), 
Eq.  (13), Eq.  (15), and Eq.  (17). Here, N-W–North-West-
ern Himalaya, N-E–North-Eastern Himalaya. Note: Except 
DOLAKHA-2015 all other events data is of DYFI type

Region

IPE Whole
(Col. 2)

N-W
(Col. 3)

Central
(Col. 4)

N-E
(Col.5)

DOLAKHA-2015 (TRAD)
TRAD 1.915 2.280 1.916 1.886
DYFI 1.937 1333.8 1.898 3.210
DOLAKHA-2015 (DYFI)
TRAD 4.017 4.622 4.066 4.084
DYFI 2.864 1410.6 2.832 2.832
BHUTAN-2021
TRAD 2.800 4.272 2.823 3.328
DYFI 2.220 3.054 2.282 2.276
MYANMAR-2021
TRAD 3.448 5.145 3.495 3.411
DYFI 3.016 30.270 2.905 2.936
NEPAL-2022A
TRAD 4.434 3.767 4.666 6.767
DYFI 2.832 3.248 2.760 2.619
NEPAL-2022B
TRAD 2.507 4.708 2.475 2.446
DYFI 2.308 2.683 2.351 2.232
NEPAL-2023
TRAD 2.303 3.820 2.328 2.591
DYFI 2.104 3.736 2.152 2.143
JAMMU-2023
TRAD 3.245 4.599 3.297 3.903
DYFI 2.449 3.210 2.500 2.494
BANGLADESH-2023
TRAD 2.821 2.821 2.957 4.146
DYFI 2.320 3.808 2.232 2.264
ASSAM-2023
TRAD 3.306 4.464 3.358 3.875
DYFI 2.644 4.464 2.649 2.705
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earthquakes occurring between 2021 and 2023, which 
were not included in the IPEs’ development and had a 
significant number of reports (Table 8). We have also 
considered TRAD and DYFI data available for the 2015 
Dolakha, Nepal Mw 7.3 magnitude (hereafter DOLA-
KHA-2015) earthquake to compare the performance of 
IPEs and their applicability to the datasets. TRAD data 
for this event with 1473 IDPs reported have been used 
from Hough et al.  (2016). After reassessing these val-
ues according to the earlier criteria, our final dataset has 
1263 IDPs for this event. Calculated LLH values are 
given in Table 9 for the events not considered in the IPE 
development. These values imply that for all the events, 
TRAD and DYFI-based IPEs applicable for the whole 
of the Himalayas are more suitable for their respective 
data types’ intensity prediction than their counterparts, 
as indicated by lower LLH values. In a few cases, the 
DYFI-based IPE developed for N-W Himalaya has 
given very high LLH values due to very few events 
(only 3) considered for the IPE development.

These higher LLH values also highlight the potential 
pitfall of using past IPEs based on a small number of 
events. Figures  12 and 13 show the plot of macroseis-
mic intensity values reported (TRAD and DYFI) for the 
events listed in Table 8, along with the variation of pre-
dicted intensity based on the IPEs developed in this study.

5 � Conclusion

We have used Intensity values reported for earthquakes 
between 1950 and 2020 from traditional sources (like 
field surveys, media reports, and newspapers) or TRAD 
and between 2011 and 2021 from USGS DYFI’s online 
database to develop IPEs for the Himalayas and its 

sub-regions. For IPE development, we have used two 
different regression techniques: one-stage multiple 
regression and two-stage regression (while incorporat-
ing a first- and second-order magnitude fit). Still, there 
was not much difference in their performance for the 
Intensity prediction. First and second-order intensity 
vs. magnitude relationships were used in IPEs develop-
ment. We have developed IPEs based on the moment 
magnitude scale (Mw) and generalized moment mag-
nitude scale, Mwg (or Das magnitude scale), also given 
applicable range equations for in both Mw and Mwg. We 
also provided conversion equations between Mw and 
Mwg.

A concept of optimal hypocentral depth has also 
been proposed in the study, which corresponds to a 
minimum hypocentral depth value that minimizes 
root-mean-squared error in such a way that the 
proposed IPEs correspond to a best-fit Imax vs Mw 
relationship for this distance. The calculated opti-
mal depth can be used to get the maximum value of 
macroseismic Intensity for a particular earthquake. 
This optimal depth criterion has been used to select 
applicable relations from the IPEs developed using 
two regression methods (and different magnitude 
orders) for the different regions of the Himalayas.

These newly developed IPEs can be used to assess 
the hazard and risk of future earthquakes in the 
region. Separate IPEs for sub-regions of Himalaya 
were also developed to segregate the effects of source 
and site characteristics depending upon the area. 
These can be useful for hazard assessment at a micro-
level. A comparison of IPEs developed from TRAD 
and DYFI data indicates that DYFI-based predicted 
intensities are consistently lesser than their TRAD 
counterpart. This highlights a major difference 

Fig. 12   TRAD and DYFI 
intensities reported for the 
Dolakha 2015 event, along 
with predicted intensities as 
per TRAD and DYFI-based 
IPEs (Eqs. (10) and (11)) 
applicable for the Himala-
yan region
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Fig. 13   DYFI intensities 
and predicted intensities 
values for the events not 
considered in the dataset 
for regression. Predicted 
intensities were calculated 
for the different events 
using TRAD and DYFI 
IPEs (Eqs. (10) and (11)) 
applicable to the Himalayan 
region 0
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between the two types of macroseismic data, which 
can be researched further. Comparison of the IPEs 
based on the Log-Likelihood method results for the 
events not considered in IPE development highlights 
the importance of developing separate IPEs for the 
TRAD and DYFI data collection methods. IPEs pre-
sented here have error terms, which can be further 
used for probabilistic intensity mapping.
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