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Abstract Strong-motion data processing is necessary to evaluate reliable ground-motion

for standard or specific applications. We describe a processing web-service, fully inte-

grated with the engineering strong motion database (ESM), a daily-updated strong-motion

archive that contains more than 50,000 waveforms of events with magnitude C 4.0, mainly

recorded in the Pan-European region. A user-friendly web front-end allows the interactive

use of a ‘‘robust’’ procedure (in the sense that it has been extensively tested), in order to

select and process uncorrected waveforms from the ESM database, and derive several

products: processed acceleration, velocity and displacement time series, as well as

acceleration and displacement response spectra. The service is addressed to engineering

seismologists, earthquake engineers, but also to students and professionals, if adequately

trained.

Keywords Strong-motion waveforms � Signal processing � Strong-motion

database

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10518-017-
0299-z) contains supplementary material, which is available to authorized users.

& L. Luzi
lucia.luzi@ingv.it

1 Sezione di Milano, Istituto Nazionale di Geofisica e Vulcanologia, Via Alfonso Corti 12,
20133 Milan, Italy

2 Centro Nazionale Terremoti, Istituto Nazionale di Geofisica e Vulcanologia, Via di Vigna Murata
605, 00143 Rome, Italy

123

Bull Earthquake Eng
https://doi.org/10.1007/s10518-017-0299-z

http://orcid.org/0000-0003-4312-580X
https://doi.org/10.1007/s10518-017-0299-z
https://doi.org/10.1007/s10518-017-0299-z
http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-017-0299-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-017-0299-z&amp;domain=pdf
https://doi.org/10.1007/s10518-017-0299-z


1 Introduction

The most useful description of the ground-motion occurring during moderate-to-strong

earthquakes is through acceleration time series. Nevertheless, strong-motion data users

should be aware that digitized accelerograms are not the exact reproduction of the ground

motion, as, for instance, they contain noise at both high and low frequencies. The purpose

of the strong-motion data processing is the estimation and the removal of noise in the

record, in order to evaluate reliable ground motion for standard or specific applications.

The best that can be achieved is to identify that portion of the record, both in time and

frequency domains, which can be used with some degree of confidence.

Generally it is not possible to identify the ‘best’ way to process individual records, as a

certain degree of subjectivity is always involved, even when the user has to judge the

quality of a strong-motion record (Douglas 2003). Boore and Bommer (2005) provide an

extensive overview of techniques for processing strong-motion data and the consequences

of applying different approaches, from the perspective of engineering application. Specific

cases of strong-motion data processing have been widely discussed in the literature, such as

the effect of causal and acausal filters (Boore and Akkar 2003); the influence of long-

period filter cut-off on elastic spectral displacements (Akkar and Bommer 2006); the issues

related to high-frequency filtering (Douglas and Boore 2011); and the processing of near

source strong-motion recording (Graves 2004).

In the last case, Graves states that specific processing procedures should be advisable to

preserve ground-motion features such as dynamic long period pulses and static displace-

ment which would be lost or partially removed if standard band-pass frequency filtering

were used. In addition, distortion and shift of the sinal baseline, usually interpreted as

effect of hysteresis of the transducers (Iwan et al. 1985) or rotational motion and tilting

(Boore 2001; Graizer 2005, 2006), result in unphysical velocity and displacement. The

most common approach for correcting long period noise consists on baseline adjustment by

polynomial (e.g. Graizer 1979) or piecewise linear segments (e.g. Iwan et al. 1985; Boore

2001; Boore and Bommer 2005). Several efforts were been made to recover permanent

displacement by automatic schemes for baseline correction of strong-motion records (e.g.

Wu and Wu 2007; Chao et al. 2010; Wang et al. 2011) but all of them require the

comparison with coseismic observations or ground-motion simulations to ensure the

reliability of results.

Several codes for strong-motion data processing have been made available since the

early 90s. Basic strong-motion accelerogram processing software (BAP) (Converse 1992),

contains routines for signal processing, Fourier amplitude spectra evaluation and response

spectra calculation. Time series processing programs (TSPP) (Boore 2008), is a collection

of Fortran routines for processing and manipulating time series. Utility software for data

processing (USDP), developed by the METU-Earthquake Engineering Research Center

team and available upon request to the authors, provides a friendly interface to access the

TSPP routines, and also includes routines for the calculation of the response spectra for

linear and nonlinear oscillators. Seismosignal (http://www.seismosoft.com/seismosignal,

last access February 2017, still maintained) is specific to process strong-motion data

through a user-friendly visual interface and to derive a number of strong-motion param-

eters. Seismic analysis code (SAC, http://ds.iris.edu/ds/nodes/dmc/software/downloads/

sac/, last access February 2017, still maintained) contains several routines for signal

processing, although it is not specifically designed for strong-motion data processing.

The drawback of the use of available codes is that users should provide themselves the

waveforms they need to process and sometimes convert them into format requested by the
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specific processing code. Therefore, the preliminary creation of a dataset is required before

processing, through the collection of unprocessed records from data centers or strong-

motion databases available worldwide [e.g. Center for engineering strong-motion data

(CESMD), http://www.strongmotioncenter.org/, last access February 2017].

Recently, a collection of accelerometric data recorded in Europe and Middle East since

1969 has been published through the engineering strong motion database (ESM, http://esm.

mi.ingv.it/, last accessed February 2017; Luzi et al. 2016). This database is updated daily

and it is characterized by earthquakes with magnitude larger than 4. The database has a

growth rate of about 2000 waveforms per year.

In this framework, we propose a service for strong-motion data processing (http://esm.

mi.ingv.it/processing/, last accessed February 2017) fully integrated within ESM. The main

advantage of this service is that the waveforms can be selected from a set of about 50,000

records that is daily updated. The processing engine adopts the same scheme (Paolucci

et al. 2011; Pacor et al. 2011) designed to process the Italian strong-motion dataset

(ITACA, http://itaca.mi.ingv.it/processing/, last accessed February 2017) and tested by

Boore et al. (2012) against padded and filtered time series and the procedure adopted by

Pacific Earthquake Engineering Research Center, for the Next Generation Attenuation

project (Power et al. 2008).

2 Data processing framework

The main goal of the implemented procedure is the full compatibility among acceleration,

velocity and displacement signals obtained by single and double integration of processed

accelerations, respectively. The adopted processing scheme uses two passes of a two-point

non-centered difference operator and might produce lower values of the ground motion

high frequency content compared to a centered difference operator (Boore et al. 2012).

In addition, a different treatment of data recorded by analog or digital instruments is

implemented. Digital accelerographs are in use since the late 90s and generally record

ground motion in continuous mode. Beside, they preserve the pre- and post-event time

histories, even though they are set to operate in stand-by. The precision of the recorded

ground motion depends on the instrument settings, such as digitizer dynamic range,

sampling rate and sensor full scale. On the contrary, analog accelerographs are optical-

mechanical devices, that produce traces of the ground acceleration on film or paper and

that were in use since the early 30s up to the end of the twentieth century. They have

several disadvantages: (1) analog accelerographs generally operate in standby and are

triggered by a specified acceleration threshold, so they do not preserve the pre- and,

sometimes, the post-event time history; ‘‘Late-Triggered’’ records (LT) is the term adopted

to identify analog records starting with the S-phase (Paolucci et al. 2011), that represent a

large percentage of analog records from small-to-medium magnitude earthquakes; (2) the

natural frequency of transducers is generally limited to about 25 Hz or even less and (3) it

is necessary to digitize the traces in order to be able to use the recording.

Taking into account the characteristics of analog and digital accelerographs, the com-

plete data processing flowchart is shown in Fig. 1. The flowchart has three main branches

that depend on instruments and presence of pre- and post-event time history (digital, analog

normal-triggered or analog late-triggered).

The fundamental steps of the procedure are summarized below:
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Fig. 1 Data processing flowchart
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• Linear detrending of the uncorrected acceleration signal (subtraction of a first order

polynomial);

• Application of a cosine taper, with percentage fixed to 5% of the signal length, with the

possibility of being modified by the user; at this stage records identified as late-

triggered are not tapered;

• Visual inspection of the Fourier spectrum to select the band-pass frequency range

(band-pass frequency may be different for the three components);

• Application of a 2nd order acausal time-domain Butterworth filter to the acceleration

time-series; zero-pads are added at the beginning and at the end of the signal before the

acausal filter is applied (Boore 2005);

• Removal of zero pads from the acceleration trace of the normal triggered records; zero

pads are kept for late triggered records. The taper of analog late-triggered records is

fixed to 5% of the signal length, although it can be modified;

• (Begin/end) taper of the acceleration signal, with percentage fixed to 5% (same

threshold as digital and analog normal-triggered);

• Computation of the velocity signal and linear detrending;

• (Begin/end) taper of the velocity signal, with percentage fixed to 5% (same threshold as

digital and analog normal-triggered);

• Computation of displacement signal and linear detrending;

• (Begin/end) taper of the displacement signal, with percentage fixed to 5% (same

threshold as digital and analog normal-triggered);

• Recursive differentiation to obtain the velocity and the acceleration signal,

respectively.

The described procedure is automatized when waveforms are uploaded in ESM (Luzi

et al. 2016). In this case a cosine taper with percentage of 5% and a low-pass filter with a

fixed frequency of 30 Hz are applied to the three component of the ground motion.

Conversely, the high-pass frequencies depend on magnitudes ranges (Table 1), defined on

the base of a representative set of processed waveforms. However, in the web front-end

only manually checked waveforms are available to users, so that selected time windows,

cosine taper percentages and band pass frequency ranges do not necessarily match those

that where been applied by the automatic processing.

Table 1 High-pass frequency
(hp) applied to the three compo-
nents of ground-motion on the
base of magnitude ranges (MR);
in case Mw or Ml magnitudes are
not available a default high-pass
cut-off of 0.1 Hz is applied

MR hp (Hz)

\ 3.5 0.25

3.5 B M\ 4.0 0.20

4.0 B M\ 4.5 0.15

4.5 B M\ 5.5 0.10

5.5 B M\ 6.0 0.07

6.0 B M\ 6.5 0.05

6.5 B M\ 7.0 0.04

7.0 B M\ 8.0 0.03

M C 8.0 0.025

Bull Earthquake Eng

123



3 Description of the service for data processing

A server-side processing for the ESM accelerometric waveforms is accessible through a

web-interface (http://esm.mi.ingv.it/processing/, last accessed February 2017). Hereafter,

for simplicity, we will refer to this system as ‘‘ESM web-processing’’.

The ESM web-processing is substantially composed by three parts:

• An engine written in Python language (Python Software Foundation. Python Language

Reference, version 2.7, http://www.python.org) that makes a wide use of the up-to-date

OBSpy module (Beyreuther et al. 2010; Krischer et al. 2015) for the fundamental signal

processing (i.e. filtering and tapering).

• External Fortran 77 routines executed as parallel jobs using GNU parallel (Tange 2011)

to calculate acceleration and displacement response spectra.

• A GUI written in PHP (http://php.net/) where the waveform and spectral plots are

dynamically generated by gnuplot (Williams et al. 2013).

The web interface available at http://esm.mi.ingv.it/processing allows users to register a

new account in order to access all waveforms in the database (Fig. 2a). Waveforms can be

selected according to 7 parameters (Fig. 2b): event ID, event start-time, event end-time,

magnitude threshold, distance threshold, network code and station code. Event ID, net-

work code and station code are the same codes as in the ESM database. After the search

parameters are specified, the list of available waveforms is displayed (Fig. 3) and the

selected three-component records can be accessed and processed according to the user

needs. The color versions of Figs. 2 and 3 are also given in Online Resource 1.

In the waveform list, the processing flag, assigned in the ESM database, is displayed

(Fig. 3): (a) ‘‘bad quality’’ indicates that the record has been judged as bad quality by the

ESM operators; (b) ‘‘manually processed’’ points out that the record has been already

revised by an operator.

Usually the flag ‘‘bad quality’’ is assigned following the recommendation by Douglas

(2003), who defines as poor quality the strong-motion data characterized by: (1) insuffi-

cient digitizer resolution; (2) S-wave trigger, which is an issue regarding recordings of

analogue instruments; (3) insufficient sampling rate; (4) early termination during coda

(Fig. 4a); (5) spikes (Fig. 4b); (6) presence of multiple baselines.

Although waveforms are judged as bad quality, they are maintained in ESM, because

they can be recovered for specific applications.

Fig. 2 a Strong-motion processing service login; b record selection interface
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Figure 5 shows the example of a good quality acceleration time series recorded by the

station Karpathos (KARP), belonging to the GE network (see ‘‘Data and Resources’’

section below). The Mw 6.1 event occurred on 2015-04-16 at 18:07:45 GMT and is located

between Karpathos and Crete islands (Greece). Figure 5a shows the superposition of

unprocessed (red) and the processed (black) acceleration time-series and a raw estimation

of the P- and S-waves arrival times, in order to check whether the event is correctly

associated to the waveform. Details on the event and the recording station and the infor-

mation on the recording instrument are also shown (Fig. 5c), to help the user to correctly

interpret the waveform (e.g. date and time of the event, epicentral distance, soil category).

Figure 5b shows the three-components of the Fourier amplitude spectra and the band-pass

corners of the Butterworth filter. At this stage, several parameters controlling the pro-

cessing can be modified by the users, such as: value of band pass corners, order of the

acausal Butterworth filter, length (in s) of the portion to be cut at the beginning and at the

end of the signal, percentage of the cosine taper, record triggering type (late/normal, as

described above, that implies a different processing procedure), sampling interval (if the

user needs resampling) and a multiplier factor that can be applied to each acceleration

value of the waveform.

When users have selected the appropriate controlling parameters the ‘‘Apply’’ button

runs the processing. The effectiveness of processing can be visually checked by inspecting

the velocity (Fig. 5d) and the displacement (Fig. 5e) time series or the elastic acceleration

(Fig. 5f) and displacement (Fig. 5g) response spectra, calculated assuming a damping

equal to 5%. The color versions of Figs. 4 and 5 are given in Online Resource 1.

When the processing is judged to be satisfactory, users can download the results through

the button ‘‘Save’’ and a compressed file is transferred to client, containing the complete

set of time series (unprocessed and processed acceleration, velocity and displacement) and

response spectra in ASCII format.

Fig. 3 Record list
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Fig. 4 Examples of bad quality records: a early termination during coda; b presence of spikes

Bull Earthquake Eng

123



Fig. 5 Example of data processing: a acceleration time series; b Fourier spectra amplitudes and processing
option; c velocity time series; d displacement time series; e acceleration response spectra at 5% damping;
f displacement response spectra at 5% damping; g waveform metadata

Bull Earthquake Eng

123



4 Conclusion

Strong-motion waveform is not the exact reproduction of the ground motion, as, for many

reasons, it contains noise at both high and low frequencies. The purpose of signal pro-

cessing is the estimation and the removal of noise present in the record, in order to evaluate

reliable ground motion for any specific application.

A strong-motion service is proposed, available at http://esm.mi.ingv.it/processing/,

addressed to engineering seismologists, earthquake engineers, but also to students and

professionals. The service adopts a processing scheme (Paolucci et al. 2011; Pacor et al.

2011), developed in the framework of the S4 Project (DPC-INGV agreement 2007–2009)

and extensively tested (Boore et al. 2012). This service allows the direct access to the

dataset contained in the engineering strong-motion database.

Future developments are envisaged, in particular additional processing procedures

finalized to manipulate data recorded in the near-source, in order to retrieve permanent

displacements or pulse-like waveforms. As mid-term strategy for further implementation

of the ESM data processing web interface, the option to handle different formats for

external data could be also envisaged (e.g. adopting the seismological standards defined by

FDSN at http://www.fdsn.org/).
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