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Motion Model (GMM) development. Such standardized flat-files are essential for parametric studies, GMM Copy & Layout Editor:
derivation, and seismic hazard assessment. Thus, we compile a comprehensive dataset of ground-motion IMs, " Kirsty Bayliss
including peak ground motion parameters (acceleration (PGA), velocity (PGV), displacement (PGD)), spectral

acceleration (SA), Fourier amplitude spectra (FAS), Effective Amplitude Spectrum (EAS), Arias intensity (Al),
cumulative absolute velocity (CAV) significant duration (SD), Acceleration Spectrum Intensity (ASI), Velocity
Spectrum Intensity (VSI), and Characteristic Intensity (Ic). These metrics are derived from approximately 778
manually processed strong-motion records from 195 earthquakes, with moment magnitudes (M) >2.0 and
epicentral distances (Repi) <600 km, recorded at 254 seismic stations across India between 1986 and 2018. A
step-by-step waveform processing protocol was implemented to ensure consistency and accuracy. The relia-
bility of the processed IMs was verified through residual analysis of FAS ordinates against an empirical model.
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1 Introduction

Availability of ground-motion intensity measures (IMs)
is crucial for various applications in engineering seis-
mology and earthquake engineering domain. Devel-
opment of ground-motion models (GMMs), previously
known as ground-motion prediction equations, relies
on the carefully processed IMs: spectral acceleration
(SA), Fourier amplitude spectrum (FAS), and ground-
motion duration. The FAS is also important for studies
related to estimation of seismological parameters such
as stress drop, quality factor, and importantly site am-
plification. Beyond IMs, the processed waveforms are
of crucial importance in earthquake engineering appli-
cations, for example time history analysis and selec-
tion. Thus, rigorous processing of these ground-motion
records, following standardized protocols (Puglia et al.,
2018; Luzi et al., 2016), is an indispensable prerequi-
site for their effective integration into engineering ap-
plications. Generally, these processed GM records are
compiled, along with associated metadata parameters
into a flat-file - a comprehensive parametric dataset that
fosters the accurate characterization of ground-motion
IMs (Dawood et al., 2016; Bindi et al., 2018). This com-
prehensive file consolidates event, path, and site meta-
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data along with other seismological parameters (Da-
wood etal., 2016). Globally, this has been a standard and
widely adopted practice for example: the next genera-
tion of attenuation (NGA-West1) project mainly focused
on California and the western United States (Chiou and
Youngs, 2008). A similar coordinated attempt was made
for earthquakes recorded in southern Europe and the
Mediterranean region in 2011-2014 that culminated in
RESORCE database (Akkar et al., 2013). The next stage
of the NGA-West2 project also developed a much larger
database of ground-motion IMs and associated meta-
data parameters (Ancheta et al., 2014). Additionally,
individual studies also targeted development of such
flat-files for ground-motion IMs, including Akkar and
Cagnan (2010) for Turkey, Arango et al. (2010) for the
Central American subduction zone, Pacor et al. (2011)
for the ITACA database in Italy, and more recently, Lan-
zano et al. (2018) developed the Engineering Strong Mo-
tion (ESM) flat-file for Europe and the Middle East, pro-
viding a harmonized dataset with uniformly processed
recordings and metadata critical for pan-European seis-
mic hazard assessments. Also, Dawood et al. (2016) de-
veloped the first publicly available flat-file of IMs for
Japan. Similarly, Bastias and Montalva (2016) developed
flat-files of ground-motion IMs for Chile. This database
(flat-file) was the basis for development of GMMs that
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have been used for various applications worldwide.

Within the Indian context over 50% of the land’s area
is vulnerable to significant seismic activity (Jain, 2016)
with high risk to the population centering in the Indo-
Gangetic plains (Bilham, 2019). The country spans a
geologically diverse landscape, encompassing a range
of tectonic environments that give rise to considerable
spatial variability in occurrence of earthquakes and
thereby in seismic hazard. The Himalayan arc, formed
by the active convergence of the Indian and Eurasian
plates, is the most seismically active region in the coun-
try. As a result, this area has been the primary focus
of seismic monitoring and strong-motion instrumenta-
tion efforts. In contrast, the Peninsular region, while
not entirely free from seismic risk, experiences rela-
tively fewer and more infrequent earthquakes. This
lower level of seismic activity has led to limited de-
ployment of seismic instrumentation in these areas, re-
sulting in sparse ground-motion data. The uneven dis-
tribution of instrumentation across the country poses
challenges for developing a regionally balanced seismic
hazard framework. In particular, the lack of sufficient
strong-motion records from stable continental regions
like Peninsular India limits the ability to fully capture
the variability of ground motions across different tec-
tonic domains. Given this disparity, the primary moti-
vation of this study is to develop a uniformly processed
ground-motion flat-file, tailored to the Indian context,
with a particular focus on the Himalayan region.

Despite notable efforts to develop GMMs tailored to
Indian tectonic settings, less attention has been paid to
the consistent processing of waveform data and system-
atic documentation of key metadata such as source pa-
rameters, source-to-site distances, and site conditions.
Moreover, most existing datasets are either not pub-
licly available or lack the transparency required for re-
producibility and validation, thereby limiting their util-
ity for broader scientific and engineering applications.
In light of these limitations, this study aims to provide
a uniformly processed, transparent, and reproducible
database of ground-motion intensity measures and as-
sociated metadata, with a primary focus on the Hi-
malayan region. The approach ensures that records
are selected based on consistent signal quality crite-
ria, and processed using documented protocols. By
making this dataset available for further scrutiny and
use, we hope to address a critical gap in seismic haz-
ard analysis in the Indian context and enable future ef-
forts toward more accurate and regionally representa-
tive ground-motion modeling. The compilation and de-
velopment of strong-motion data have progressed grad-
ually, influenced by both seismic events and institu-
tional initiatives. However, it is worth noting that these
efforts were primarily driven by the need to monitor
seismic activity, rather than by engineering or design
applications. One of the earliest milestones was the in-
stallation of modern accelerographs at the Koyna Dam
in 1963, which later proved to be critical in captur-
ing the strong ground motions generated by the 1967
Koyna earthquake (My, ~6.5) alandmark event with first
major trigger in India (Tandon and Choudhury, 1968;
Chopra and Chakrabarti, 1973). This was followed by
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the deployment of over 20 RESA instruments and 200
simplified SSR accelerographs by the Department of
Earthquake Engineering, University of Roorkee, start-
ing in the 1970s (Rao and Varma, 1981; Rao, 1984).
During this period, the Indian Meteorological Depart-
ment (IMD) and various academic institutions began in-
stalling localized instrumentation, particularly in the
Himalayan and Indo-Gangetic regions. However, data
coverage remained uneven, with dense networks only
in select high-risk areas such as Himachal Pradesh, Ut-
tarakhand, and the Shillong region. Recognizing the
limitations, the National Strong Motion Instrumenta-
tion Project (NSMIP) was launched under the Depart-
ment of Science and Technology to significantly scale up
digital instrumentation. The initiative, led by IIT Roor-
kee, aimed to install 300 state-of-the-art accelerographs
in seismic Zones IV and V, and in densely populated ur-
ban centers in Zone III (Mittal et al., 2006). Parallel ef-
forts by the National Center for Seismology (NCS), a key
agency under the Ministry of Earth Sciences, have con-
tributed significantly to national-level earthquake mon-
itoring and real-time data dissemination. NCS, along
with various state agencies, now operates a broad net-
work of seismic stations that complement academic ef-
forts in strong-motion data recording. Additional na-
tional programs like the National Programme on Earth-
quake Engineering Education (NPEEE) and the National
Information Centre of Earthquake Engineering (NICEE)
have strengthened academic capacity and professional
training in earthquake engineering (Jain and Agrawal,
2004). Despite these advances, gaps in spatial coverage
especially in the central and eastern Himalayan region
persist, emphasizing the need for sustained expansion
and coordination in strong-motion data infrastructure
for accurate seismic hazard assessment. The other im-
portant limitations of past efforts include: 1) no stan-
dard and uniform quality control criteria to select and
reject waveforms, 2) no uniform processing protocols
to process the waveforms, 3) the data and the process-
ing details being very rarely disseminated.

Primarily due to limitations in the available dataset,
Sharma et al. (2024) demonstrated that ground-motion
characterization in the Himalayan region is associated
with considerable aleatory and epistemic uncertainties.
These uncertainties are further compounded by the
use of varied data processing techniques, which intro-
duce additional epistemic variability in ground-motion
predictions. Thus, this paper aims to establish a uni-
form and processed database platform for the avail-
able earthquake datasets in India. It provides a de-
tailed overview of seismic event data collected from var-
ious monitoring agencies across the country, outlines
the processing protocols applied to Indian ground mo-
tion data, and delivers a comprehensive file contain-
ing the processed records along with pertinent meta-
data. The processed number of records and events are
rather low in comparison to other globally developed
databases and flat-files. However, our aim is to kick-
start a convention of compiling the waveforms, devel-
oping the flat-files, documenting the processing proto-
cols and making them available for the scientific and
engineering community in India for further applica-
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tions and scientific scrutiny. Finally, the outcome of
compiling the waveforms, event, path and site meta-
data followed by rigorous signal processing protocols
are presented in the “Indian Ground Motion (IGM) flat-
file”. We provide multiple excel sheets within one flat-
file (Excel sheet) for various IMs which contain meta-
data information on events, stations, source-to-site dis-
tances, waveforms, and other IMs. The IMs are de-
rived from manually processed recorded waveforms.
The IMs provided in the flat-files are peak ground ac-
celeration (PGA, measured in g), peak ground veloc-
ity (PGV, measured in m/s), and peak ground displace-
ment (PGD, measured in meters), 5% critically damped
SA (measured in g), Arias Intensity (AI), Cumulative
Absolute Velocity (CAV), FAS, Effective amplitude spec-
trum (EAS), measures of significant ground-motion du-
ration, Acceleration Spectrum Intensity (ASI), Veloc-
ity Spectrum Intensity (VSI), and Characteristic Inten-
sity (I.). Additionally, the file incorporates orientation-
independent combinations of horizontal components,
including RotDO0, RotD50 and RotD100 as described by
Boore (2010).

Although more recent data may exist, the agencies
provided records only up to 2018 at the time we initi-
ated data collection, and hence only these have been
included in the database. Hence, we compiled a com-
prehensive dataset of ~778 strong motion records from
195 earthquakes that were analyzed, incorporating data
from 254 seismic stations for moment magnitude My,
> 2.0 and epicentral distance Rep; < 600 km recorded
within 1986 - 2018 years. This includes: 114 records
from 11 earthquakes at 59 stations under the Consor-
tium of Organizations for Strong-Motion Observation
Systems (COSMOS) recorded within the years 1986 -
2001 with magnitudes ranging from My, 4.8 to 7.2 and
Repi < 600 km; USGS-NEIC (we hereafter refer to this
as aftershocks of the GORKHA earthquake or Gorkha)
with 104 records from 18 earthquakes at 8 stations for
My, 5.0 to 7.3 captured within 600 km of the epicentral
area; National Center of Seismology (NCS) contributed
62 records from 23 earthquakes recorded at 27 stations
between 2016 - 2018 with magnitudes ranging from My,
4.0 to 6.4 and R¢p; < 600 km; and PESMOS provided 498
records from 143 earthquake events captured across 160
stations recorded between 2005 - 2014 corresponding to
magnitudes My, 2.3 to 7.8 and Rep; < 600 km. For site in-
formation, particularly Vs3, values provided in the flat-
file are directly extracted from the available metadata
accompanying the original records, as reported by the
respective networks. In most cases, the networks did
not specify the methodology used to derive these val-
ues whether through direct measurement, proxy-based
estimation, or generalized geological assumptions and
hence, this information has not been detailed further
in the flat-file. Additionally, surface geology classifica-
tions were compiled from various literature sources to
supplement the site metadata, with the aim of includ-
ing as much relevant site-related information as possi-
ble. In this study, the IGM flat-file is developed as a uni-
formly processed database of ground-motion IMs and
associated metadata. Its structure is organized into six
main sections: (i) event-related metadata, (ii) station-
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related metadata, (iii) source-to-site distance metrics,
(iv) waveform-related metadata, (v) IMs, and (vi) addi-
tional IMs. A detailed description of each section is pro-
vided later, while the manuscript itself is organized into
four main steps:

+ Step I Indian Ground Motion (IGM) Database pro-
vides a background on the seismic network utilized
inthe study and details the strong motion databases
from each network.

Step II: IGM Processing Protocol offers an elabo-
rate description of the manual processing scheme
applied to the IGM database on each network.

Step III: Flat-file structure outlines the procedure
used to compile the earthquake data, distance mea-
sures, site characteristics, and other intensity mea-
sures for each record. It describes how the flat-file
was prepared and explains the derivation of each
section within it.

Step IV: Additional Ground-Motion Intensity Mea-
sures (IMs) computed in addition to calculating the
primary IMs PGA, FAS, and response spectra, we
also derived several other IMs of seismological sig-
nificance, such as Al, duration, and CAV, among
others. Further, we conclude with a sensitivity
analysis performed on the processed database us-
ing the FAS of the IMs.

2 Step I: Indian Ground Motion (IGM)
Database

This section highlights the data acquired from different
networks either through direct downloads or formal re-
quests. It provides an overview of how each dataset con-
tributed to the analysis, with a detailed breakdown of
the earthquake events and corresponding records. Each
event is accompanied by detailed information, includ-
ing the time of occurrence, various magnitude scales
provided by different seismic networks, their homog-
enization to moment magnitude, sampling frequency,
as well as the geographic coordinates (latitude and lon-
gitude) of both the earthquakes and the recording sta-
tions. Additionally, we provide an overview of the seis-
mic networks utilized in this study, alongside a compre-
hensive summary of the strong motion database com-
piled from each network. Figure 1 shows the spatial dis-
tribution of earthquake epicenters and seismic stations
recorded by various Indian seismic networks that were
used in our analysis. The dataset covers a geographical
extent of 7.9° N-36.5° N latitude and 62° E-95.29° E longi-
tude, encompassing the broader Indian subcontinent.
Although the boundaries were defined to include all
available data from contributing networks within India
and neighbouring regions for regional consistency, the
majority of the records are concentrated along the seis-
mically active Himalayan belt, which marks the plate
boundary zone.

In this paper, we refer to the time series from indi-
vidual instrument components as “waveforms”, and the
combined output of the horizontal components as the
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Figure1l Map showing the epicentral locations of earthquakes (orange circles) with varying diameters of circles represent-
ing small to large magnitude earthquakes and seismic stations (red triangles) recorded by various seismic networks. These
earthquakes were recorded between 1986 and 2018 by different networks used in our analysis.

record for a specific instrument (e.g., Ancheta et al.,
2014). While preparing the database efforts were made
to ensure that the processing protocols for all records
(from various networks) were consistent. Considering
event magnitudes, the contributing seismic networks
reported earthquakes using different magnitude scales
such as local magnitude (M), body-wave magnitude
(my), and surface-wave magnitude (Ms) as documented
in the IGM flat-file. To create a consistent database,
the original magnitude types reported by each network
were retained in the flat-file, while empirical conversion
relationships were applied wherever necessary to ob-
tain moment magnitude (M) values for analysis. The
compiled dataset includes events with M, ranging from
2.0 to 7.8. The lower threshold (M, > 2.0) was selected
from a seismic hazard perspective, as incorporating
low-magnitude events improves understanding of at-
tenuation characteristics in regions where larger earth-
quakes are infrequent. The upper limit corresponds
to the largest earthquake recorded within the selected
region and time frame. This approach ensures both
the completeness and the regional representativeness
of the magnitude data used in our analysis. To ensure
consistency across the dataset, we converted the magni-
tudes to a unified moment magnitude (M) scale using
the conversion relations proposed by Scordilis (2006).
We used equations (1) and (2) to convert M and mjy, to
My,. For the purposes of our current analysis, we treated
M|, as equivalent to My,.

My =0.67x Mg+ 2.07 (1)

My = 0.85 x my, + 1.03 2)

a) Consortium of Organizations for Strong-Motion
Observation Systems (COSMOS) - The strong mo-
tion Virtual Data Center (VDC) provides a publicly
accessible, web-based search engine for retrieving
global earthquake strong-motion data. The desired
data was directly downloaded from VDC and used
for further processing, requiring minimal prepro-
cessing. For our analysis, we selected 114 records
from 11 earthquakes across 59 stations with a sam-
pling frequency of 50 Hz. The selected event data
were recorded between the years 1986 - 2001, with
M, ranging from 4.8 to 7.2 and Rep < 600 km.
For the majority of the dataset, the original mag-
nitude scale provided was Mg, which was subse-
quently converted to My,. Few records had an un-
known magnitude type, in which case the original
values were retained. The surface geology infor-
mation provided is categorized sites as either rock
or soil. For rock sites, a Vs3p value of 760 m/s was
assumed, while for soil sites, a Vg3 value of 350
m/s was used. Signal-to-noise ratios (SNR) helped
in computing the low and high cut values and were
set at around 0.2 and 45 Hz respectively for all the
records. In cases where no surface geology infor-
mation was available, the site was classified as rock.
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The VDC was accessed at http://db.cosmos-eq.org
(last accessed July 2023).

Aftershocks of the Gorkha earthquake or Gorkha -
The strong-motion stations recorded data from the
2015 Gorkha, Nepal earthquake sequence. A to-
tal of 18 mid-to-large earthquake aftershocks com-
prising 104 records captured at 8 recording stations
with My 5.0 to 7.3 and within 600 km of the epi-
central area were selected. The data files were in
ASCII text format with four columns representing
time, geographic north-south (NS), east-west (EW),
and up-down (UD) components. Each record spans
180 seconds before and after the P and S-wave ar-
rivals to capture the full waveform. The file head-
ers include information on earthquake, site loca-
tion and recording start time. The datasets re-
quired minimal processing, primarily converting
the raw WIN system format to acceleration wave-
form data and applying baseline corrections. The
original magnitude types were My, and m; (later
converted to M,,). All records were sampled at
100 Hz. Site class information was unavailable,
so based on the literature (Takai et al., 2016), the
sites were classified as either rock or soft soil (lake
sediments), with Vg3 values of 760 m/s and 180
m/s, respectively. The site geology information was
taken from the literature (Shigefuji et al., 2022).
The data had SNR greater than 3 and similarly
this helped in computing the low and high cut val-
ues for each record and are documented in the
flat-file. Source parameters were obtained from
the USGS National Earthquake Information Center
(NEIC) https://www.usgs.gov/programs/earthquake-
hazards/earthquakes. The data files are archived
and accessible via the figshare repository (https://
doi.org/10.6084/m9.figshare.19809052, last accessed
April 2023).

National Center for Seismology (NCS) - The gov-
ernmental agency in India responsible for seis-
mic monitoring, operates the National Seismologi-
cal Network, consisting of 155 stations nationwide.
The data was made available upon formal request
after selecting relevant earthquakes from their por-
tal. Each raw datum then underwent rigorous pro-
cessing using standard protocols (discussed later
in Step II) which includes converting the counts,
and the signals were normalized to produce ac-
celeration traces. The majority of events were
initially measured on the m; and M; magnitude
scales, which were later converted to My,. Each
earthquake was initially assigned an identification
code (e.g., 2016-04-14-0541-39M.0SN_003), which
was converted to a Year, Month-Day (MOD), and
Hour-minute (HRMN) format. Most events were
recorded at a sampling frequency of 100 Hz, with
some at 200 Hz. For our analysis, we selected 62
records from 23 earthquakes recorded at 27 sta-
tions, recorded for the period 2016 to 2018. These
events had My, ranging from 4.0 to 6.4, and Rep;
< 600 km. The surface geology data was derived
from stratigraphic information found in the liter-

ature (Bhandari et al., 1973; Sali, 1970; Kapoor and
Singh, 1987; Bansal et al., 2021). The low and high
cut values were calculated based on the SNR for
each record. These individual values were also de-
termined separately and documented in the flat-
files. The data was made available through the por-
tal https://seismo.gov.in/eventwave_datasupply (last
accessed August 2022).

d) PESMOS - The data was collected and maintained
by Indian Institute of Technology Roorkee, utiliz-
ing approximately 300 short-period seismometers
over the period from 2005 to 2014 (Kumar et al.,
2012). Although the data had undergone minimal
processing, we carried out a baseline correction
or tapering process for a few records to remove
residual trends in the signals. Several records
were found to be clipped, and all such events
were removed after carefully analyzing each
component separately. Clipping introduces wave-
form distortion, which can significantly bias key
ground-motion parameters such as PGA, PGV,
CAV, and spectral intensity particularly at shorter
periods. To ensure the reliability of the database,
these faulty records were systematically identified
and excluded. Each selected record was processed
using a Butterworth filter with a cut-off frequency
of 45 Hz. The records had sampling frequencies
of 200 Hz, with a few at 100 Hz. The dataset com-
prises 498 records from 143 earthquake events,
captured across 160 stations, with station site clas-
sifications as specified by PESMOS. We selected
records corresponding to My 2.3 to 7.8 and Rep;
< 600 km. For some records, information about
the station name (only station code was available)
was unavailable and was therefore left blank in
the flat-file. While site geology information was
not directly supplied, it was obtained following
either through various literature utilizing PESMOS
data or the accelerograph stations information
provided at https://github.com/anismhd/Pesmos.
The Vs3¢ values were provided based on the PES-
MOS site classification, which differs from the
NEHRP classification. We computed the low and
high cut values based on the SNR for each record.
The data was accessed through https://pesmos.org/
download-ground-motion-records-2005-2017  (last
accessed September 2022).

To ensure the most comprehensive compilation of
strong-motion data for the Indian region, we have in-
cluded ground-motion records up to 600 km. This facili-
tates the inclusion of the maximum number of available
records, which is particularly valuable in data-scarce
regions such as India. While most modern GMMs are
typically validated up to 200-300 km, records at larger
distances may provide useful constraints for distance-
scaling behavior and attenuation trends in future re-
gional modeling efforts. Moreover, a larger number
of records may provide better constraints on site re-
sponse studies. This approach is consistent with previ-
ous efforts like the NGA-West2 flat-file, where extended-
distance records were also included to improve dataset
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completeness. Figure 2 below displays the compiled
records from all the networks considered in our present
study, with M, ranging from 2.0 to 7.8 and Rep; of less
than 600 km. The My, distribution with respect to Rep; in
Figure 2(a) reveals that a substantial number of records
are available for Rep; < 400 km, while fewer records ex-
ist beyond 300 km. Additionally, only a limited num-
ber of records are available for events with M, < 3 and
My, > 7. Figure 2(b) shows the magnitude and depth
distribution, depicting the majority of events occurring
within the depth of less than 20 km. Notably, for PES-
MOS and NCS the depth of records is somewhat fixed to
~10 km (data as provided by different networks). Fig-
ure 2(c) presents a histogram illustrating the total num-
ber of records and their corresponding earthquakes. It
is important to note that detailed fault rupture informa-
tion such as fault geometry, rupture dimensions, and
slip distribution is currently limited or unavailable for
the majority of the events in our dataset. This limi-
tation poses a significant challenge in accurately com-
puting finite-fault distance measures (e.g., rupture dis-
tance or Joyner-Boore distance), which require well-
constrained rupture parameters. As a result, our flat-
file includes only epicentral and hypocentral distances.
While these measures may not fully capture the source-
to-site geometry for large-magnitude events, they re-
main the most consistent and widely available metrics
across the dataset, ensuring a uniformf and practical
basis for ground motion analysis in the absence of de-
tailed rupture modeling. Moreover, we do not have re-
liable information on which event is associated with
which fault. There is considerable uncertainty in these
associations, and this lack of clarity further limits the
applicability of source-based distance metrics.

The histogram in Figure 3 illustrates the number
of earthquakes recorded each year in the compiled
dataset. A significant increase in the number of events
is observed after 2008, likely due to the densification of
seismic networks, enhanced instrumentation, and im-
proved reporting protocols. The sparse data in earlier
years reflect limitations in catalog completeness and
station coverage.

Data from Gorkha, COSMOS and PESMOS required
minimal adjustments during processing to generate the
desired intensity measures (IMs). In contrast, data from
NCS underwent comprehensive processing using stan-
dard protocols (outlined in the subsection) to maintain
consistency with methods used by other seismic net-
works, ensuring homogeneity across the dataset. For
our analysis, we used the geometric mean of the two
horizontal components for PGA, PGV, PGD, and SA,
while the horizontal components were used separately
when computing the other IMs (e.g., FAS, rotation-
independent measures), which is a standard approach
for representing horizontal ground-motion intensity
in a directionally unbiased manner. While the verti-
cal components were also processed using the same
methodology, they are provided separately in a dedi-
cated flat-file (IGM_Flat-file_Vertical) and were not in-
cluded in the primary analyses or visualizations pre-
sented in this study. Figure 4 presents the distribution
of IMs as a function of magnitude and hypocentral dis-
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tance for the compiled dataset. Figure 4(a) shows varia-
tion of PGA with moment magnitude (My,), while Figure
4(Db) illustrates the expected attenuation of PGA with in-
creasing epicentral distance (Rep;). Figure 4(c) and (d)
display the variation of SA at 0.5s and 1.0s, respectively,
as a function of distance. In both cases, SA shows a sim-
ilar decay trend with distance, although a larger scat-
ter is observed at longer periods due to the increasing
influence of site conditions and signal-to-noise issues.
These plots highlight the distribution and variability of
IMs across different source characteristics and propaga-
tion distances, underscoring the need for robust ground
motion prediction models.

3 Step Il: IGM Processing Protocol

This section outlines the detailed manual processing
protocol applied to the IGM database. The available
records were analyzed for 2 minutes before and 5 min-
utes after the event origin time to capture the entire
signal ensuring that the full usable waveform was cor-
rectly identified. All waveforms were visually inspected
to ensure the presence of clear P- and S-wave arrivals. A
Butterworth bandpass filter was applied to remove high
and low-frequency noise, minimizing phase distortion
(Boore and Akkar, 2003; Boore and Bommer, 2005). The
high-cut frequency was set near the Nyquist limit, while
the low-cut filter removed long-period noise. Records
with sampling intervals < 0.05 s were excluded to avoid
bandwidth-related issues (Douglas and Boore, 2010). A
cosine taper (5% of total duration) and zero-padding
were applied at both ends of the records (Converse
and Brady, 1992). Instrument response correction and
baseline trend removal were also performed. For the
records obtained from COSMOS, the signal duration was
very short; therefore, the entire signal duration was an-
alyzed. We also filtered out high- and low-frequency
noise from the records and corrected the waveforms to
eliminate any trends. Additionally, the instrument re-
sponse was also deconvolved. The final acceleration
and velocity values were set to zero which is crucial for
accurate IM calculation. Vertical-component ground
motions are also included in our present analysis al-
though the vertical-component ground motions were
not used in the computation of scalar or rotated inten-
sity measures (in the present study), they were included
with little processing using the same methodology in
the flat-file as a separate worksheet for completeness
and future use.

The following steps were undertaken to generate the
processed waveforms from each record in our present
analysis:

a) Initial data quality check - Each record under-
went rigorous quality checks before being incorpo-
rated into the flat-file to ensure the reliability of the
dataset. This process involved a thorough evalu-
ation of waveform amplitudes to identify and ex-
clude records with anomalous ground motion in-
tensities, often caused by erroneous response files.
Data from COSMOS required minimal processing,
with only baseline corrections applied to a few
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records. In contrast, records from NCS underwent
extensive processing because the records were pro-
vided in raw form, without any prior corrections.
Therefore, we carried out the entire preprocessing
manually; this includes baseline correction, filter-

ing, instrument response removal, and visual in-
spection of each waveform. However, many events
were excluded due to unclear identification of P
and S-wave arrivals in the waveforms. The records
from Gorkha also required minimal processing as
they had already been pre-processed before inclu-
sion. Several records from the PESMOS database
were excluded from the present analysis. A sub-
set of recordings was removed due to the absence
of clearly identifiable P- and S-wave arrivals, pri-
marily resulting from low signal-to-noise ratios or
instrumentation issues. These waveforms, lack-
ing distinguishable phase onsets, were deemed un-
suitable for reliable ground-motion parameter ex-
traction and were excluded to maintain the physi-
cal robustness and interpretive consistency of the
dataset. Additionally, certain events were reported
with missing or zero values for key metadata pa-
rameters such as magnitude and depth, render-
ing them invalid for inclusion in ground-motion
modeling. Events located at source-to-site dis-
tances exceeding 600 km were also excluded, as
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their recorded ground motions particularly PGA
were generally negligible and hold limited rele-
vance from a seismic hazard perspective. A few
clipped records were also excluded as already dis-
cussed. To ensure regional consistency, the analy-
sis was confined to the Himalayan arc and its imme-
diate foreland basin. Consequently, records from
tectonically distinct regions such as Western Pak-
istan, Afghanistan, and the Andaman Islands were
deliberately omitted. These exclusions were made
to maintain the geographical and tectonic homo-
geneity of the dataset, in alignment with the study
objective of developing a region-specific ground-
motion model for the Himalaya. Some records un-
derwent additional steps, including baseline cor-
rections and detrending, to remove any trends
present in the acceleration traces. This step was
crucial to ensure accurate and realistic measure-
ments.

Figures 5 (a) and (b) present examples of wave-
forms from the PESMOS network that were deemed
acceptable, confirming the clear identification of
distinct P or S-waves. In contrast, Figures 5 (c) and
(d) display records from the NCS network that were
rejected due to the absence of distinguishable fea-

tures. This step was crucial in determining the us-
able frequency range and ensuring the preserva-
tion of the earthquake signal’s inherent character-
istics. P- and S-phase arrivals were identified using
a P-phase time picker based on the Akaike Informa-
tion Criterion (AIC) method, as implemented in the
MATLAB code developed by Kalkan (2016). This al-
gorithm detects the onset of seismic phases by min-
imizing the AIC function, which distinguishes be-
tween noise and signal by evaluating changes in the
statistical properties of the waveform. The method
was applied to each acceleration time history to
accurately determine the signal window, and the
picks were visually verified to ensure consistency
and reliability.

Removal of instrument response - The instrument
response was meticulously removed using pole-
zero files supplied by the respective agency. The
ObsPy tool (Beyreuther et al., 2010) was employed
to convert all waveforms into acceleration time
series, ensuring consistency across the dataset.
Subsequently, the acceleration data was normal-
ized to standardize the amplitude across different
events and stations, facilitating uniform and ac-
curate analysis for ground motion studies. This
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step was crucial for maintaining consistency in
the dataset and was especially required for NCS
records, since it had already been carried out for
records from other networks. Many NCS records
required extensive processing due to the lack of
clear P and S-wave arrivals. In contrast, the records
from other networks, including COSMOS, Gorkha,
and PESMOS, required minimal processing, as pre-
viously discussed. Such datasets were already pre-
processed or contained sufficient metadata, ren-
dering additional steps like instrument response
removal unnecessary. For instance, COSMOS and
Gorkha records were either already corrected or
processed to a level where no further adjustments
were required. Similarly, the PESMOS records un-
derwent basic baseline correction and detrending,
which addressed the key issues without requiring
the removal of the instrument response. This vari-
ation in processing reflects the differing levels of
quality and completeness inherent in the datasets.
The complete list of software packages, data repos-
itories, and processing scripts has been provided
in the Data and Code availability section of the
manuscript. Specifically, the waveform processing

and ground-motion parameter extraction were car-
ried out using standard libraries including ObsPy
(Beyreuther etal., 2010), NumPy, and Pandas, while
figures were generated using PyGMT (Tian et al.,
2025). The processing workflow follows the signal
processing protocols outlined in Puglia et al. (2018),
implemented through custom Python scripts built
on these open-source libraries.

Windowed signals - Each record was meticulously
windowed to capture all potential seismic phases,
while incorporating sufficient pre- and post-event
noise to ensure signal quality. Depending on the
variation in record durations, we applied appro-
priate time windows, such as 120 or 170 seconds,
tailored to each record depending on the sam-
pling frequency. Corresponding bandpass filtering
ranges were also applied to enhance the SNR. In
cases where pre-event noise was unavailable, the
windowing was adjusted so that the earliest avail-
able time marked the start of the window, preserv-
ing the integrity of the seismic data and critical sig-
nal characteristics across the dataset. Also, the ma-
jority of the records were sampled at 200 Hz, giv-
ing a Nyquist frequency of 100 Hz. During pre-
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processing, each record was carefully tapered us-
ing a cosine function to reduce spectral leakage,
zero-padded to improve filter stability, and then fil-
tered using a 2nd-order high-pass Butterworth fil-
ter. Although the filter cutoff frequency was set at
35 Hz in the preprocessing stage to clean up high-
frequency content, the FAS were computed over a
broad and reliable frequency range of 0.01 Hz to
45 Hz, with a resolution of 0.01 Hz. This frequency
band was selected to ensure good signal fidelity,
avoid contamination from long-period noise, and
stay well within the sensor’s bandwidth and sam-
pling limitations. All FAS calculations were per-
formed independently for each horizontal compo-
nent. The chosen range effectively captures both
low-frequency (long-period) and high-frequency
(short-period) content relevant for seismic hazard
analysis and structural response studies. Frequen-
cies below 0.1 Hz were avoided due to potential
contamination from long-period noise and limita-
tions in record duration, while frequencies beyond
45 Hz were excluded due to sensor bandwidth and
reduced signal-to-noise ratio. In most cases, the us-
able low-frequency range falls between 0.1 - 5.0 Hz,
while the upper usable frequency varies from 10-
45 Hz, depending on the quality and characteris-
tics of the recordings. However, for certain records
particularly those from NCS and COSMOS where
the usable bandwidth was ambiguous, we conser-
vatively fixed the frequency range to 0.2 - 45 Hz for
consistency and to ensure reliable spectral estima-
tion. This defined range ensures the spectral esti-
mates remain stable and interpretable across the
dataset.

Baseline correction - A zero-order baseline cor-
rection was applied by subtracting the mean value
from the entire waveform to eliminate persistent
low-frequency, nonphysical trends in the time se-
ries after filtering. The acceleration time series of
each record was subsequently converted to veloc-
ity, and the effectiveness of the record processing
was validated by ensuring that the ground veloc-
ity returned to zero at the end of the earthquake-
induced shaking. The correction ensures that the
long-period noise or drift is removed from the data,
enabling more accurate representation of the seis-
mic signal so that the data retains its physical sig-
nificance, allowing for a more reliable analysis of
ground motion intensity and waveform features. In
our dataset, one or more baselines (either straight
lines or low-order polynomials), were subtracted
from the acceleration trace, as outlined by Boore
(2005).

Tapering and padding - A cosine taper window was
applied to the beginning and end of the signal to
ensure a smooth transition to zero, with the ta-
per length set at 5% of the total record duration.
Additionally, zero padding was also added before
and after the acceleration time series, in accor-
dance with the guidelines provided by Converse
and Brady (1992). This step is essential to avoid dis-

tortion in the filtered motion, as noted by Boore
(2005). In some cases, additional zero padding was
required to adjust the record length to a power of
2, a prerequisite for precise Fast Fourier Transform
(FFT) calculations.

Signal-to-noise ratio (SNR) analysis - The noise
and signal windows were identified using a P-phase
picker algorithm based on the Akaike Information
Criterion (AIC), following the approach of Kalkan
(2016). This method enabled the automated and
consistent detection of seismic phases, namely the
noise window, P-wave onset, and S-wave arrival for
each waveform. The noise window was defined as
the portion of the waveform extending from the
beginning of the record up to the P-wave arrival,
typically corresponding to the first significant am-
plitude increase. The signal window was taken as
the segment following the P-wave arrival, encom-
passing the S-wave energy. To prepare the signals
for frequency-domain analysis, both windows were
subjected to zero-padding to avoid spectral leakage
and improve frequency resolution. The resulting
amplitude spectra were then smoothed using the
Konno and Ohmachi (1998) logarithmic smoothing
algorithm with a bandwidth parameter of b = 40,
which ensures stability and preserves the key spec-
tral features of the signal and noise. The SNR is cal-
culated by dividing the smoothed root mean square
(RMS) amplitude of the signal by the smoothed
RMS amplitude of the noise within specific fre-
quency bands. This calculation is performed iter-
atively over progressively adjusted frequency win-
dows until the SNR exceeds a threshold value of 3.
For each frequency window, the mean squared am-
plitudes of the signal and noise are computed, and
their square roots are taken to obtain the respec-
tive RMS values. The SNR is then determined as
the ratio of the signal RMS to the noise RMS. This
procedure is applied independently at both the low
and high ends of the frequency spectrum to deter-
mine the appropriate cutoff frequencies (f ¢, and
feup). To identify the low-cut frequency, the al-
gorithm begins at a predefined lower bound (e.g.,
0.1 Hz) and increases the frequency incrementally
(e.g., in 0.1 Hz steps), evaluating the SNR at each
step. The lowest frequency at which the SNR sur-
passes the threshold of 3 is selected as the low-
cut frequency (fcjow). Similarly, the high-cut fre-
quency is determined by starting from a higher
frequency bound (e.g., 45 Hz) and stepping down-
ward until the SNR again exceeds the threshold,
with that frequency recorded as the high-cut fre-
quency (fcyp). This adaptive and automated ap-
proach ensures that the filter band is specifically
tailored to the signal quality of each individual
waveform, allowing for the retention of reliable
frequency content while excluding portions dom-
inated by noise. The method avoids reliance on
arbitrary fixed bands or visual inspection, thereby
improving the objectivity, reproducibility, and ro-
bustness of the processing. In particular, by basing
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the cutoff frequencies on the actual spectral char-
acteristics of the data, this technique enhances the
reliability of IM calculations especially at long pe-
riods, where low-frequency noise can otherwise in-
troduce significant bias. Inadequate low-frequency
filtering may suppress long-period content and un-
derestimate IMs at longer periods, while overes-
timation of high-frequency noise could bias PGA
or short-period SA. By defining the frequency lim-
its based on actual signal conditions rather than
fixed assumptions, the method ensures that IMs are
computed from reliable and physically meaning-
ful portions of the waveform, enhancing both ac-
curacy and scientific credibility.

Figure 6 illustrates the analysis of an earthquake
signal recorded during the Pithoragarh earthquake
(My, 4.3) recorded at a distance of 26 km from PES-
MOS network. Subplots 6(a) and (b) display the ac-
celeration time series for the two horizontal com-
ponents, H1 and H2, respectively. In both plots,
the noise window (shown in red) spans the initial
14.8 seconds before the P-wave arrival. Subplot
6(c) shows the FAS for the corresponding raw sig-
nal and noise components across the entire fre-
quency range. The raw FAS values are plotted
across the full frequency spectrum, while the FAS
for the noise is restricted to the relevant frequency
range under consideration. The frequency analy-
sis was performed systematically across all records
to ensure data quality prior to further processing.
This assesses the quality of the seismic records and
removes background noise to enhance the accu-
racy of the record.

g) Waveform filtering - In our study, we applied
causal Butterworth bandpass filters to all acceler-
ation time histories, following standard protocols
as described in Boore and Akkar (2003) and Boore
and Bommer (2005), with careful consideration to
avoid phase distortion and preserve the true sig-
nal characteristics. The low-cut filter was specifi-
cally designed to remove low-frequency noise that
can adversely affect long-period spectral compo-
nents, while the high-cut filter was set based on
the Nyquist frequency, which depends on the sam-
pling rate of each record. To minimize the in-
clusion of unreliable long-period content, we ex-
cluded waveforms with coarse sampling intervals
(i.e., At > 0.05s), recognizing that such sensors of-
ten have limited bandwidth and may inaccurately
capture peak motion or long-period trends (Dou-
glas and Boore, 2010). Additionally, a strict SNR
threshold of 3 was used to determine filter corner
frequencies, ensuring that only signals with suffi-
cient energy above noise were retained. We ac-
knowledge that long-period ground motion is par-
ticularly sensitive to issues such as baseline shifts
and residual drift, which can bias displacement
time series and spectral displacements. Although
explicit baseline correction procedures were not
applied in this version of the dataset, the filtering
strategy and waveform selection criteria were tai-

11

lored to mitigate such effects indirectly by remov-
ing noisy or poorly resolved low-frequency signals.

All processed acceleration time histories, following
above processing steps, were saved for further analysis.
Itis important to note that the manual processing proto-
col discussed in this manuscript is tailored specifically
for strong motion datasets used by the seismic network
discussed above (Step II). Additional checks and pro-
cessing steps may be required for broadband or analog
instruments. For more detailed guidance on processing
analog seismic records, readers are encouraged to refer
to Douglas (2003) and Boore and Bommer (2005).

4 Step lll: Flat-file structure

The parametric file includes detailed earthquake data,
such as magnitude, epicenter and hypocenter dis-
tances, source characteristics, site characteristics in-
cluding geology, and shear wave velocity (wWherever pro-
vided by the network), from manually processed wave-
forms. We present an overview of the IGM flat-file struc-
ture, accompanied by a flowchart that illustrates the
simplified organization and later the compilation pro-
cess of each metadata component. The fields in the flat-
file are systematically organized into five main meta-
data categories, following the widely adopted structure
proposed by Lanzano et al. (2018). This categoriza-
tion ensures that all essential seismological parameters
are coherently captured and integrated within the IGM
database. To aid in the understanding of this struc-
ture, Figure 7 presents a detailed flowchart outlining
the categorization, which comprises: (i) Event-related
metadata, (ii) Station-related metadata, (iii) Source-to-
site distances, (iv) Waveform-related metadata, (v) IMs
and (vi) Additional IMs.

Event-related metadata: This includes essential pa-
rameters that define each seismic event. Specifically,
it comprises: (i) unique identification codes for each
event and corresponding record, along with the origin
time of the event; (ii) event location parameters, in-
cluding geographic coordinates (latitude and longitude)
and focal depth; and (iii) various magnitude estimates,
such as moment magnitude (My), local magnitude (M),
surface-wave magnitude (Ms), and body-wave magni-
tude (my), as detailed in the IGM database documenta-
tion (Step I). While a subset of the events originally had
My, reported by the contributing agencies, many oth-
ers were recorded using different magnitude scales (M,
Mg, or my). To maintain consistency across the dataset
in ground-motion modeling, all magnitude values were
homogenized to Moment Magnitude (My). This conver-
sion was performed using established empirical rela-
tionships, as described in Equations 1 and 2, ensuring a
standardized magnitude representation throughout the
database. This uniformity is crucial for accurate source
characterization and consistent interpretation in subse-
quent ground-motion studies.

Station-related metadata: This section includes de-
tailed parameters associated with each recording sta-
tion. Key fields provided in the flat-file include the sta-
tion identification code, station coordinates (latitude,
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Figure 7 Schematic structure of the IGM flat file contents

longitude, and elevation), and available site condition
metadata. Site classification is presented in two parts:
(i) the classification assigned by individual networks,
particularly for PESMOS data, which follows a scheme
distinct from NEHRP standards (with further details
documented in the IGM_Flat-file), and (ii) the NEHRP
site classification, wherever sufficient Vg3, data is avail-
able. Additionally, surface geology information was
compiled from available network downloads or relevant
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published literature, allowing for a broader understand-
ing of site conditions. Although Vg3, values are reported
for stations, the original source documentation does not
provide a detailed explanation of how these values were
derived whether through direct measurement, proxy-
based inference, or empirical correlations. Since dif-
ferent studies suggest different estimation approaches
for different regions in India (e.g., HVSR, MASW, proxy-
based), and no uniform methodology is documented
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across all stations, we have refrained from making as-
sumptions about the Vg3, derivation. To ensure clar-
ity and avoid misinterpretation, we have included only
those Vg3 values explicitly provided by the network. In
addition, we report associated site descriptors such as
surface geology and site class, which offer useful con-
text for interpreting site conditions. For certain sta-
tions, due to incomplete metadata availability, only the
station code is provided while station name, Vg3, or sur-
face geology fields have been left blank where this infor-
mation could not be reliably obtained. These fields are
clearly marked, ensuring transparency and enabling fu-
ture updates as more data become accessible. Given
some of the stations in our dataset (mainly from PES-
MOS) have recorded multiple events, in the develop-
ment of GMMs the repeatable site (and path) effects will
need to be accounted for where data permits.

Source-to-site distances: The flat-file provides epi-
central (Repi) and hypocentral (Ryyy,) distances for all
records, computed using the Haversine formula based
on the available event and station coordinates. How-
ever, due to the lack of detailed fault geometry infor-
mation such as fault dimensions, dip, strike, and rup-
ture extent it was not possible to compute other com-
monly used source-to-site distance metrics essential for
GMM calibration, such as the Joyner-Boore distance
(Ryg) and the closest distance to the rupture plane (Ryyp).
As a result, these distance measures are not included in
the current version of the flat-file to avoid inconsisten-
cies and potential inaccuracies. We thus opted to use
only point-source metrics and computing distance met-
rics such as Ryyp and Ryp was beyond the scope of cur-
rent study. For events where such parameters are re-
quired, researchers may refer to global databases such
as the SRCMOD finite-fault model database (Mai and
Thingbaijam, 2014) and the USGS Finite-Fault Archive,
which provide detailed rupture models for significant
global earthquakes. However, the applicability of these
databases to Indian events is limited, as very few Indian
earthquakes have been characterized with finite-fault
models to date.

Waveform metadata: The ground-motion recordings
were manually processed following the standardized
protocols outlined by Puglia et al. (2018) and Luzi et al.
(2016), as detailed in Step II. Processing began with
baseline correction, followed by the application of a
second-order acausal Butterworth filter, using carefully
selected low- and high-cut frequencies specific to each
record. These cutoff frequencies are documented in the
flat-file accompanying the dataset. To ensure numerical
stability and consistency between acceleration and dis-
placement after double integration, tapering and zero-
padding were applied at the beginning and end of each
acceleration time series. Additionally, spectral smooth-
ing was performed using the Konno and Ohmachi (1998)
algorithm to stabilize the frequency-domain represen-
tations such as the EAS. Each record underwent visual
inspection and manual quality control, consistent with
the procedures described in Luzi et al. (2016), to ex-
clude data affected by clipping, transient noise, or poor
signal-to-noise ratio. This rigorous processing strategy
ensures a high-quality, uniformly processed database
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suitable for seismic hazard assessment and engineering
applications.

Intensity Measures (IMs): This includes all associ-
ated metadata along with calculated peak values: PGA,
PGV, and PGD. PGA was calculated as the geometric
mean of the two horizontal components. PGV and PGD
were calculated separately for each horizontal com-
ponent using the cumulative trapezoidal integration
method, after which their geometric mean was com-
puted to obtain the final values. Additionally, SA val-
ues were computed for a range of oscillator periods
from 0.01 to 10 seconds for 37 periods using a 5% crit-
ical damping ratio, following conventional practice in
seismic hazard analysis and GMM development. These
IMs provide a robust basis for characterizing ground
motion behavior across a wide range of structural re-
sponse periods and are essential for applications in en-
gineering design, risk assessment, and empirical mod-
eling. FAS was computed for each record to capture
the frequency-domain content of ground motion, us-
ing the Konno and Ohmachi (1998) smoothing method
with a bandwidth parameter b = 40, which balances
spectral resolution and noise reduction. FAS was calcu-
lated separately for the two horizontal components (H1
and H2) to preserve directional frequency characteris-
tics, providing spectral information that complements
time-domain IMs and supports site response analyses
and comparison with theoretical models. Further, to
account for orientation effects, we applied the Boore
(2010) method to determine rotation independent mea-
sures of IMs (i.e., RotD0, RotD50 and RotD100) over the
period range of 0.1 to 10 seconds. RotDO0 (rotational av-
erage of the 0™ percentile of the peak ground motion)
refers to the minimum rotated component of a ground
motion time series. It provides a conservative, angle-
independent measure of ground shaking, representing
the least extreme amplitude recorded when horizontal
components are rotated through all possible orienta-
tions. RotD50 (rotational average of the 50 percentile
of the peak GM) refers to the median rotated compo-
nent of a ground motion time series and gives a rep-
resentative, angle-independent measure of the ground
shaking. RotD100 (rotational average of the 100™ per-
centile of the peak GM), on the other hand, refers to the
maximum rotated component of a ground motion. To
compute these, the longitudinal and transverse compo-
nents of ground motion were first rotated to obtain two
orthogonal horizontal components: H1 and H2. These
components were combined into a single time series,
which was then rotated through angles ranging from 0°
to 180° at 1° increments. The rotated horizontal compo-
nent at any angle 6 was computed using the following
equation:

Hgyor(t;) = H1(t)cos(0) + H2(t)sin(0) (3)

where Hgor represents the horizontal ground motion
at time ¢ and angle 6, while H1 and H2 are the orthogo-
nal components of ground motion.

Figure 8 shows the comparison of SA values for two
different earthquake scenarios, their individual com-
ponents, their geometric mean, RotD0, RotD50 and
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Figure8 Comparison of Horizontal Ground Motion Intensity Measures (Geometric Mean, RotD50, RotD100) for two different

records using PESMOS data.

RotD100 variation. The data is utilized from the PES-
MOS network with magnitudes My, 3.4 and 5.2 and epi-
central distances Rep; = 30 km and 130 km. In the left
panel one can observe significant differences (mainly
at longer periods) between the spectra for individual
components and the combined spectra. In the right
panel for a moderate magnitude event at a larger dis-
tance such differences are not observed. Clearly, any
meaningful inferences cannot be made from these plots
regarding differences between various component defi-
nitions. However, they are shown to provide visual san-
ity checks.

Additional Intensity Measures (IMs): Apart from the
primary IMs, we also computed several advanced mea-
sures to capture the energy, duration, and frequency
characteristics of strong ground motions. These include
significant duration metrics based on the accumulation
of AI (Trifunac and Brady, 1975; Kempton and Stew-
art, 2006), EAS (Goulet et al., 2018; Manea et al., 2023),
ASI (Von Thun, 1988), VSI (Housner, 1959), and I. (Park
and Ang, 1985; Liao et al., 2022; Sriwastav et al., 2024,
Dai et al., 2023). These parameters, described in de-
tail in Step IV, are included in the flat-file to provide a
comprehensive characterization of ground-motion am-
plitude, energy content, and frequency-dependent fea-
tures, supporting a wide range of applications in engi-
neering seismology and seismic hazard assessment.

Consistent with standard GMM practices, most IMs
were computed using the geometric mean of the two
horizontal components, while a few were derived from
the individual horizontal record when required. The
vertical component was also processed following the
same waveform analysis procedures (filtering, base-
line correction, and signal windowing) to ensure con-
sistency across all three components. Although the
vertical motions were not used in the computation of
scalar or rotated horizontal IMs, the resulting verti-
cal IMs are included in a separate worksheet of the
flat-file for completeness and to facilitate future stud-
ies that may require vertical ground-motion data. This
approach aligns with established protocols in ground-
motion analysis and supports direct comparability with
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other international flat-files and GMM databases. We
organized the dataset into separate excel sheets to
streamline the dissemination of our findings. This ap-
proach helped to manage the data more effectively and
made it easier to share. By splitting the data, we avoided
creating an excessively large table that might be dif-
ficult to handle using spreadsheets. This methodol-
ogy aligns with best practices, as suggested by Lan-
zano et al. (2018). These files are provided under the
name “IGM_Flat-file.xlsx” and include multiple sheets
within a single file, each containing specific datasets.
For vertical component “IGM_Flat-file_Vertical.xlsx” is
provided. Comprehensive metadata for each consid-
ered earthquake was compiled, including details such
as event magnitude, location, and source characteris-
tics. This information provides the foundational con-
text for all subsequent analyses. Further details of the
flat-file, including the acronyms and header names used
to describe key seismological parameters related to the
source, path, and site along with their definitions are
provided in Table 1. The table highlights the most im-
portant metrics used to characterize these properties,
offering a concise summary of the key parameters con-
tained in the flat-file.

5 Step IV: Additional Ground-Motion
Intensity Measures (IMs)

Empirical GMMs have also been developed for cumula-
tive and spectrum-based measures of earthquake shak-
ing, including AI, CAV (Campbell and Bozorgnia, 2010;
Abrahamson et al., 2016; Campbell and Bozorgnia, 2019;
Farhadi and Pezeshk, 2020; Stafford et al., 2008), and
significant duration (Kempton and Stewart, 2006; Bom-
mer et al., 2009). To evaluate the temporal evolution of
shaking, we used Husid plots (Bommer and Martinez-
Pereira, 2000) to track the cumulative Al over time, al-
lowing estimation of significant duration as the time in-
terval between specified Al thresholds. In addition to
these cumulative and duration-based metrics, we also
computed other intensity measures to capture the fre-
quency content and energy of ground motions: EAS,
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ASI, VSI, and I.. These complementary IMs provide a
more complete characterization of strong ground mo-

tion.

a) Computation of Al, CAV, and significant duration
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« Arias Intensity (AI) - A duration-related pa-
rameter that measures the total earthquake in-
put energy per unit weight for a series of un-
damped elastic single-degree-of-freedom sys-
tems with frequencies uniformly distributed
from zero to infinity (Arias, 1970; Bozorgnia
and Campbell, 2004). It is defined as the in-
tegral of the squared acceleration time series
(Arias, 1970; Benjamin, 1988) and can be ex-
pressed as follows:

T
Al =T / a(t)?dt (4)
29 Jo

where a(t) is the ground acceleration in m/s?,
gisthe gravitational acceleration, T'is the total
duration of the ground motion recording, and
Al is in m/s. Al was computed using the ge-
ometric mean of the acceleration traces, pro-
cessed separately for records with different
sampling frequencies. To compute Al, the ge-
ometric mean (initially in g for all records) was
converted to m/s%. While the time window for
calculating AI depended on the total length of
the waveform and sampling frequency, it was
limited to 0 - 80 seconds for inclusion in the
flat-file. Al quantifies the total seismic energy
imparted to a structure during an earthquake
over time highlighting the relative timing of
the energy release, with a rapid rise indicating
a short burst of intense shaking.

+ Cumulative Absolute Velocity (CAV) - A cru-
cial parameter that quantifies the total area
under the absolute ground acceleration curve,
|a(t)|, over the duration of the shaking. De-
fined as the integral of the absolute acceler-
ation time series, CAV provides a measure of
the cumulative effect of ground shaking, re-
flecting the total velocity change experienced
by a structure during an earthquake. Mathe-
matically, CAV is calculated as:

T
CAV = / la(t)]dt (5)
0

where |a(t)] is the absolute acceleration with
respect to time (m/s?), and T is the total dura-
tion of shaking. CAV accounts for the cumula-
tive effects of ground motion duration and was
computed, similar to Al, using the geometric
mean of the two horizontal components. The
computation was limited to a 0-80 second time
window for inclusion in the flat-file. It cap-
tures the integrated impact of shaking over
time, correlates strongly with observed struc-
tural damage, and serves as an effective pre-
dictor of ground motion intensity in structural
assessments (Campbell and Bozorgnia, 2006).

« Significant Durations - Ground-motion du-
ration was quantified using significant dura-
tion metrics, defined as the time elapsed be-
tween specified levels of cumulative Al (Arias,
1970; Bommer and Martinez-Pereira, 2000).
These metrics capture the interval over which
most of the seismic energy is released and
are widely used in engineering seismology
because of their relevance to structural re-
sponse and potential damage. Several pre-
dictive models for significant duration have
been developed in engineering contexts (e.g.
Trifunac and Brady, 1975; Dobry et al., 1978;
Kamiyama, 1984; Kempton and Stewart, 2006),
providing a well-established framework for
assessing the energy-related characteristics of
strong ground motion. Husid or H(t) plots,
are used to illustrate the cumulative normal-
ized energy, often represented by Al, as a func-
tion of time. This energy is expressed as a
percentage of the total energy. Generally, the
time intervals between specific thresholds of
cumulative Al values: H(t) = 5% and 75% (de-
noted as D5_75), H(t) = 20% and 80% (Dzo_go)
and H(t) = 5% and 95% (Ds.os) are con-
sidered providing valuable insights into the
earthquake’s energy distribution and duration
characteristics.

- Ds75: Time interval between the in-
stants when 5% and 75% of the total Al
is reached, representing the period over
which the central 70% of the seismic en-
ergy is released and primarily capturing
the energy associated with body waves.

- D50 Time interval between 20% and
80% of cumulative Al, focusing on the
window of peak energy release and pro-
viding an intermediate measure that in-
cludes both body-wave energy and some
contributions from surface waves.

- Dsos: Time interval between 5% and 95%
of cumulative AI, encompassing nearly
the entire duration of significant shaking
and often used in dynamic structural anal-
yses, as it captures low-frequency surface
waves and coda energy (Bommer et al.,
2009; Meimandi-Parizi et al., 2020).

These duration measures are calculated from
the cumulative Al curve and provide robust
estimates of ground-motion duration that are
independent of amplitude thresholds, making
them particularly useful for comparing mo-
tions across a wide range of magnitudes and
distances (e.g. Bommer et al., 2009; Afshari
and Stewart, 2016). Figure 9 illustrates the sig-
nificant duration calculated for the three ma-
trices, demonstrating how each matrix cap-
tures the total duration of the effective sig-
nal during an earthquake. The plot reveals
how different matrices account for the time
intervals between various cumulative energy
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thresholds (e.g., H(t) = 5% and 75%, H(t) =
20% and 80%, and H (t) = 5% and 95%) provid-
ing a comprehensive view of the earthquake’s
energy distribution and the duration of its ef-
fective signal.
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Figure9 Thefigureshowsa plotofarecorded ground mo-
tion of one record (above) and Husid plot (below) with sig-
nificant durations (D5_75, Dog_go and D5_95).

b) Effective Amplitude Spectrum (EAS) - In addition
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to the FAS from the two individual horizontal com-
ponents, we provide a flat-file for EAS. It combines
the smoothed FAS of the two orthogonal horizon-
tal components and is considered equivalent to ro-
tation independent measure of the combined FAS
from the two components. EAS is calculated for an
orthogonal pair of FAS using the following equation
(Goulet et al., 2018; Manea et al., 2023):

EAS(f) = \/ % (FAS%, + FAS%,)  (6)

where, FFASy; and FASg, are the FAS of the
two recorded orthogonal horizontal components
of the ground motion and f is the frequency in
hertz. This method helps to capture the overall am-
plitude characteristics of ground motion, making
it particularly useful for engineering applications

where orientation-independent measures are de-
sired. Figure 10 illustrates the FAS for two horizon-
tal components, FASy, and FASpy,, along with
their respective smoothed curves using Konno-
Ohmachi smoothing (b = 40) for 2005 Chamoli
earthquake (PESMOS database) at 100 frequency
ordinates in the range 0.1-30.0 Hz. The top left
plot shows the unsmoothed and smoothed FFASy1,
while the top right displays the same for F'ASys.
The bottom plot shows the EAS derived from both
smoothed FAS of the two horizontal components,
and further compared with the smoothed versions
of FASy, and FASy>. The smoothed curves pro-
vide a clearer representation of the overall spectral
trend, reducing the ruggedness seen in the raw am-
plitude spectra.

¢) Acceleration Spectrum Intensity (ASI) - The in-
tegral of the PSA over the period range 0.1- 0.5 s
(Von Thun, 1988) for dam safety evaluation. ASI
has gained relevance in modern seismic engineer-
ing due to its ability to capture the energy content
of ground motions affecting short-period struc-
tures. It is particularly beneficial for seismic
performance-based loss estimation in urban envi-
ronments dominated by low- to mid-rise buildings.
ASI is computed using the following expression:

0.5
AST = / PSA(C =0.05,T)dT (7)
0.1

Where PSA(( =0.05,T) is the 5% damped spec-
tral acceleration at vibration period 7.

d) Velocity Spectrum Intensity (VSI) integrates the
pseudo-spectral velocity (PSV) over a longer period
range of 0.1-2.5 s (Housner, 1959). VSI is useful for
characterizing the shaking intensity experienced
bylonger-period structures, including mid- to high-
rise buildings and bridges. It is given by:

2.5
VSI = PSV (¢=0.05T)dT (8)
0.1

e) Characteristic Intensity /. captures the energy
content of a ground motion through a combination
of root mean square acceleration (4,.,,s) and signif-
icant duration (T;,) (typically between the 5% and
95% Arias intensity markers). The expression for I,

is:

I, = ALS TSD (9)

rms* " sig

This parameter is valuable for correlating with
structural damage and energy-based metrics.

In light of recent developments in Fourier GMMs
(Boraetal., 2013, 2019; Bayless and Abrahamson, 2019),
we provide a flat-file for EAS in addition to FAS from
individual horizontal components. Based on the com-
piled and processed IM database, we next present a
sensitivity analysis to verify the reliability of the pro-
cessed IMs and to highlight the procedures and tech-
niques used to refine the raw accelerograms.
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6 Sensitivity Analysis

In this section, we perform a sanity check on the pro-
cessed database of IMs, offering valuable insights into
the protocols and techniques employed to refine the
raw accelerograms. To validate the integrity of the pro-
cessed IMs, we performed residual analysis by compar-
ing them with mean predictions from selected global
empirical GMMs, as part of the quality control process
(Manea et al., 2023). Specifically, we utilized the FAS
GMM developed by Bora et al. (2019), which is calibrated
using the NGA-West2 database, to evaluate the Fourier
spectral ordinates of our dataset. The total residuals
(A,,) for each IM were then calculated as follows:

Acs = 10g(Yes) 10g(Jes) (10)

in which y., represents the observed IM for a specific
event (e) and station (s) pair, similarly §.s denotes the
median IM prediction from the GMM (in our case, Bora
et al., 2019) for the same event and station combina-
tion. Predictions were computed at each frequency or-
dinate for 778 records within the frequency range of 0.1
to 45 Hz, aligning with the valid range of the FAS model
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from Bora et al. (2019). Figure 11 (a) and (b) present
the total residuals for FAS and EAS respectively, for all
records across a frequency range of 0.1 to 20 Hz. The
mean residual is shown in red, and +1 standard devia-
tion (SD) is represented by the blue lines.

The mean residual decreases with increasing fre-
quency, indicating that the observed FAS is generally
lower than the predicted values from the Bora et al.
(2019) GMM, especially within the 1 to 10 Hz range.
At higher frequencies, the +1 SD range expands, high-
lighting greater variability and scatter in the residuals.
Note that the Bora et al. (2019) GMM is based on a sub-
set of NG-West2 data with records predominantly from
California. Clearly, there are regional differences in
ground-motion and particularly in the context of In-
dian strong-motion data. Sharma et al. (2024) discussed
that NGA-West2 models do not strictly capture the dis-
tance scaling well. Another important factor that con-
tributes to the differences between observations and
model prediction is that the Bora et al. (2019) GMM uses
Vs3o as the predictor variable to capture site-effects, in
our dataset the Vg3 values are inferred and based on
surface geology. In this context, it is also worth noting
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Bora et al. (2019) GMM.

that the majority of the records in our dataset are from
small to moderate magnitude earthquakes which can
result in lower average values over the entire dataset.
However, as can be noticed from Figure 11, the zero-
centered residual line lies within the one standard de-
viation bounds which provides sufficient confidence in
the processed waveforms and the IMs.

7 Conclusion

This article presents detailed processing steps and
methods in developing the IGM flat-file. The flat-files
contain parametric tables developed from the Indian
strong-motion database. The primary objective of the
flat-files is to establish a standardized approach for com-
piling waveforms, developing flat-files, and document-
ing the processing protocols, with the aim of making
them accessible to the scientific and engineering com-
munity in India for further applications. This is akin to
similar efforts, such as NGA-West in the United States,
the Engineering Strong Motion flat-files (ESM) for Eu-
rope and the Middle East. A consistent and uniform
processing methodology was applied to ensure homo-
geneity of the strong-motion parameters, following the
approach used in other regions (Puglia et al., 2018).
The final flat-files include detailed metadata on seis-
mic events and stations, various distance metrics, and
IMs relevant to engineering applications. The flat-files
are developed for commonly used IMs such as PGA and
SA in addition to FAS and EAS separately. We addi-
tionally provide flat-files for strong ground-motion du-
ration and integral IMs such as AI, CAV, ASI, VSI and
I.. A thorough effort is made to compile the flat-files,
with a focus on organizing metadata to ensure trace-
ability. Furthermore, the flat-files provide references
for each metadata component such as events, sources,
and stations. The dataset comprises approximately 778
strong-motion records from 195 earthquakes, recorded
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between 1986 and 2018 at 254 seismic stations, primar-
ily associated with shallow active crustal regions in In-
dia. By incorporating seismic events with My, > 2.0 and
Repi < 600 km, this dataset captures a broad range of
ground motion phenomena, offering valuable insights
into India's seismic activity. Importantly, it is the first
of its kind study in the Indian context to compile and
process the waveforms as well as the associated meta-
data parameters. It is possible that the metadata pa-
rameters provided in the flat-files are not free of uncer-
tainties and assumptions. However, we have done our
best to collect them from various agencies and litera-
ture. To estimate new parameters is beyond the scope
of this study.

The data compiled in the flat-files can be utilized for
the development of GMMs and various earthquake engi-
neering applications, including the selection of existing
GMMs for hazard assessment and adjustments of new
GMMs tailored to different tectonic regimes in India.
Moreover, the flat-files can aid in estimating system-
atic source, path, and site effects through residual de-
composition, facilitating the implementation of a non-
ergodic approach to seismic hazard assessment (Atik
etal., 2010), especially as more data and specific details
are added. Discussions within the engineering seismol-
ogy community should also address the inclusion of ad-
ditional metadata, such as tectonic regimes of events,
stress drop, and site fundamental frequencies, depend-
ing on future research advancements. The method-
ology of this study can also serve as a valuable refer-
ence for uniformly processing strong-motion data in the
Indian context and worldwide. Clearly, this study ad-
dresses a critical gap in India's engineering seismology
domain by delivering a set of meticulously processed,
metadata-rich flat-files for multiple IMs.
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9 Data and code availability

The earthquake flat-file produced in this study has
been made available via the Figshare repository titled
‘Indian Ground Motion (IGM) Database A Flat File
Compilation of Strong Ground-Motion Intensity Mea-
sures’ (DOI: 10.6084/m9.figshare.29530823). Our dataset
was posted on July 10, 2025, and any future updates
such as refined source parameters, revised metadata
(e.g., updated hypocenters, site classifications), or
waveform additions will be uploaded as a new version
with details of new updates posted publicly on the
portal. This ensures traceability, reproducibility, and
continued usability of the dataset for researchers and
practitioners. Figshare supports collaborative project
spaces, where creators can invite collaborators who
can view, download, and comment on the data offering
a practical way for the broader research community to
engage with the dataset, propose improvements, and
ensure its continued refinement. All the waveform data
that are being used were either requested or down-
loaded and are available at http://db.cosmos-eq.org,
https://doi.org/10.6084/m9.figshare.19809052,
https://seismo.gov.in/eventwave_datasupply and
https://pesmos.org/download-ground-motion-records-
2005-2017. We used PyGMT (Tian et al., 2025) to plot the
figures. The scripts used for waveform reading, seismic
data preprocessing, and ground-motion parameter ex-
traction follow standard signal processing procedures
and utilize commonly available libraries such as ObsPy
(Beyreuther et al., 2010), NumPy, and Pandas.
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IGM_Flat-file Header
Record_Id
Event_Id

Eqk_Name

Year
MOD
HRMN

Time_Zones

Stn_lId
Stn_Name
Stn_code

Surface Geology

Region

Network

Eqk_Lat
Eqk_Long

Stn_Lat

Stn_Long
Samp_Freq(Hz)
Low_Cut
High_Cut
Network_Site_class
NEHRP_Site_class
Vs3o (m/s)
Given_Mag
Moment_mag
Depth(km)
Hypo_Dist(km)
Epi_Dist(km)
Given_PGA(g)

PGA_GeoMean(g)

PGV_GeoMean(m/s)

PGD_GeoMean(m)

ASl(cm/s)
VSI(cm)
Ic(cm?/s*?)

T_(0.01-10)

FAS(f_0.01-f_25.0)(separately for H1 and H2 component)
Al (t_0.01-t_80)

CAV (t_0.01 - t_80)

D5-75, D20-80, D5-95

Rotation independent measures of IMs

EAS (f_0.01-f_25.0)

General Description
Recording ID (separate for each record)
Earthquake ID (separate for each earthquake event)

Earthquake Name (full name of the earthquake as provided by the dif-
ferent networks)

Year in which earthquake occurred

Month and date (of the earthquake occurrence)

Hours and minutes (Time of earthquake)

IST - Indian Standard Time (UTC+05:30); UTC - Coordinated Universal
Time

Station ID

Station name

Station code

Reported as provided by the respective networks or compiled from
published geological/literature sources; classifications follow either
network-specific schemes or NEHRP categories where available.

Place where earthquake has occurred

The agency that provided the data

Earthquake Latitude

Earthquake Longitude

Station Latitude

Station Longitude

Sampling Frequency (in Hertz)

High-pass filter cutoff frequency (in Hertz)

Low-pass filter cutoff frequency (in Hertz)

Site class provided by the different networks (when available)
NEHRP site classification

Shear wave velocity provided by different networks
Magnitude value (same as provided by networks)
Moment magnitude

Depth of an earthquake (in km)

Hypocentral distance (in km)

Epicentral distance (in km)

Peak Ground Acceleration provided by the networks (in g)

Peak Ground Acceleration, calculated using the geometric mean of the
two horizontal components (in g)

Peak Ground Velocity, computed by integrating two horizontal compo-
nents for velocity time histories using the trapezoidal rule, then calcu-
lating geometric mean (in m/s)

Peak Ground Displacement, computed by double integrating of two
horizontal components, calculating the geometric mean of the result-
ing displacements (in m)

Acceleration Spectrum Intensity (ASI)

Velocity Spectrum Intensity (VSI)

Characteristic Intensity (Ic)

Spectral Acceleration for the period range of 0.01 to 10s (in g)[Refer IGM
sheetl]

Fourier amplitude spectrum (in g) for different frequency (in Hz) [Refer
IGM sheet 2 [H1 component] and sheet 3 [H2 component]]

Arias Intensity in m /s for time between 0 - 80s [Refer IGM sheet 4]
Cumulative absolute velocity in m/s for time between 0 - 80s [Refer IGM
sheet 5]

Significant duration in sec [Refer IGM sheet 6]

RotDO [sheet 7], RotD50 [sheet 8] and RotD100 [sheet 9] over the period
range of 0.1to 10s

Effective Amplitude Spectrum (in g) for different frequency (in Hz) [Refer
IGM sheet 10]

Table1l Key Seismological Parameters in the Flat-file: Acronyms, Headers, and Descriptions
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