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Abstract: The Center for Engineering Strong-Motion Data (CESMD), an internationally utilized joint center of
the U.S. Geological Survey (USGS) and the California Geological Survey (CGS), provides a single access
point for earthquake strong-motion records and station metadata from the CGS California Strong-Motion
Instrumentation Program (CSMIP), the USGS National Strong-Motion Project (NSMP), the USGS Advanced
National Seismic System (ANSS), and other affiliates. The CESMD has been continuously improving its
webtools to facilitate the access of strong-motion data and metadata for use in post-earthquake response and
for scientific and engineering research applications. The Center provides raw and processed strong-motion
data via the Engineering Data Center (EDC) and the Virtual Data Center (VDC) web portals. This paper
focuses on the strong-motion products provided by the EDC where more than 48,000 records with peak ground
accelerations greater than 0.1% g from over 2400 earthquakes are currently hosted and on the ongoing efforts
to develop data access tools and applications. The new developments and ongoing efforts in the EDC include:
1) enhancements to the CESMD webservices to facilitate access to station metadata, earthquake information,
and strong motion records, 2) new features to the interactive map interface, improving the visualization and
access to earthquake, station, and record information, 3) efforts to develop a new web application tool for data
format conversion from a number of data formats, 4) efforts to unify varying waveform data formats into a
consistent format, 5) ongoing efforts to compile seismic station site geology, measured or inferred Vs30 values,
shear-wave profiles, National Earthquake Hazards Reduction Program (NEHRP) site class, and available
structural instrument deployment schematics, and 6) special studies pages for research topic-specific ground
motion datasets that offer uniform processing of records from a variety of sources.

1. Introduction

The Center for Engineering Strong-Motion Data (CESMD) (Haddadi et al., 2008; strongmotioncenter.org) was
established in 2007 as a cooperative effort between the U.S. Geological Survey (USGS) National Strong-
Motion Project (NSMP) and the California Geological Survey (CGS) Strong Motion Instrumentation Program
(CSMIP) in Moffett Field and Sacramento, California, respectively. The goal of the CESMD is to provide a
single access point to quality-controlled strong-motion data from the United States (U.S.) and international
earthquakes in a timely manner. The CESMD aims to provide earthquake data with a PGA threshold of 0.1%
g and a magnitude threshold of M3.0 and above in California, and M4.0 within the rest of the conterminous
United States, Hawaii, Puerto Rico, and Alaska. Datasets of interest to the engineering and scientific
communities, such as event sequences in areas of induced seismicity and significant global events, are also
processed and posted at the CESMD when available. In line with this general goal, the CESMD working group
has been making efforts to: 1) develop standalone and web-based tools and applications to increase the
utilization of strong-motion data products, 2) establish collaborative work with local and international strong-



https://www.strongmotioncenter.org/

WCEE2024 Hagos et al.

motion data centers for quick exchange of data, and 3) improve the delivery of waveform and parametric data
in a unified data format.

2. The EDC and VDC Web Portals

The CESMD currently serves strong-motion data via either the Engineering Data Center (EDC)
(https://www.strongmotioncenter.org/cgi-bin/CESMD/search1.pl) or the Virtual Data Center (VDC)
(https://www.strongmotioncenter.org/vdc/scripts/default.plx) portals. Historically, strong-motion records in
California are exchanged with the California Integrated Seismic Network (CISN) partners in near real-time for
automatic processing and dissemination via the EDC portal of the CESMD. In recent years (~circa 2019),
when the NSMP stood up its automated strong-motion data processing workflow, the CESMD expanded to
include records automatically processed in near real-time from the U.S Advanced National Seismic System
(ANSS) (USGS, 2017) networks located within the continental U.S., Hawaii, Alaska, and Puerto Rico
(Schleicher et al., 2024, Steidl et al., 2022) at the EDC.

In parallel, the CESMD as part of its mission over the last several decades has endeavoured to populate strong
motion records shared from a variety of international counterparts for significant global earthquakes. For
international earthquakes occurring outside of the U.S. before 2019, generally most of these datasets can be
found within the VDC. Since our current automated processing workflow and associated webservices have
been developed for the EDC, more recent international earthquake datasets occurring outside the U.S. since
2019 (when the appropriate permissions are obtained) can be found within the EDC. For most international
earthquakes hosted by the VDC, users are provided with virtual links to remote data repositories where the
actual strong-motion data files reside.

One main difference between the EDC and VDC portals is that the EDC database has a station-based structure
while the VDC is channel-based. To make user data access easier (via both webservices and through the GUI
user interface), we are unifying both the EDC and VDC into one Merged Data Center (MDC) which we are
executing in two phases. Phase 1 involves merging the EDC and VDC databases while keeping the public
facing interfaces as is, and phase 2 will involve the complete merging of the two portals and web-interfaces.

Figure 1. Map showing the seismic stations (red triangles) that contributed to the strong-motion data
available at the Engineering Data Center (EDC) of the CESMD.

In addition to United States earthquakes, the CESMD currently hosts data from significant international
earthquakes in Japan, New Zealand, Italy, Turkiye, Chile, and Mexico. As of December 2023, there are over
48,000 station records from 2,400 earthquakes available in the EDC contributed by more than 68 networks as
shown in Figure 1. The strong-motion data added to the EDC has significantly increased in recent years (Figure
2) due to two main factors:- 1) Starting in 2018, the CESMD adopted a new policy to lower the PGA threshold
for posting records from 0.5% g to 0.1% g, and 2) The USGS NSMP adopted an automated workflow that
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involves the acquisition and processing of strong-motion data from the U.S. ANSS regional networks and
records from networks outside of the U.S. for international earthquakes (Steidl et al., 2022). Currently, there is
an ongoing project to backfill significant global earthquakes at the CESMD where possible (Shao et al., 2024).
In addition, we have a large dataset of small amplitude (PGA < 0.5% g) strong-motion records from
earthquakes prior to 2018 that users can access through links to an FTP site found at the Internet Quick Report
(IQR) pages (see Section 3). These small amplitude records are missing from the EDC database, and an effort
is underway to add them to the database. As the traditional boundary between weak and strong ground motion
records becomes blurred with modern seismic instrumentation and big data and machine learning technology,
a further change to the PGA threshold may be considered to host available waveform data above appropriate
signal-to-noise ratio (SNR) thresholds to support a variety of earthquake engineering and event response
applications (Aagaard et al., 2022).
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Figure 2. Left: Histogram showing the number of events and records at the EDC available at CESMD in

California (blue), the broader U.S. (orange), and non-U.S. events (gray) and Right: Cumulative number of all
records in the EDC available at the CESMD as of December 2023.

As part of the NSMP automated workflow, collaborative efforts to collect data from the U.S. and international
data centers resulted in a sharp increase of the volume of data added to the EDC as shown in Figure 2. For
non-U.S. data providers, the CESMD adds proper data attribution by adding the logos and URLs of the data
providers to the event pages. In addition, the CESMD team is working to provide citation information (Shao et
al., 2024) to users so that they can incorporate proper attribution to the data contributing networks and data
centers when they utilize CESMD data for their scientific research and analysis.
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Figure 3. Left: Magnitude-distance distribution of records hosted at the EDC for California (blue), other U.S.
states (orange), and other countries (gray). Right. Histogram showing a breakdown of contributions by
station type indicating availability of records from ground response and a variety of man-made structural
station sites. Bracketed values above bars indicate number of stations responsible for creating records.
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The magnitude-distance distribution (Figure 3) of data at the EDC shows a good distribution of records in the
lower magnitude and distance ranges but shows scarcity of data in the near-field for larger magnitude
earthquakes. The dataset in Figure 3 includes records from ground response stations and man-made
structures classified by the station types queried from the CESMD webservices for the EDC. Data download
statistics (Figure 4) indicate users’ interest in downloading both raw and processed records. However, CESMD
users downloaded more processed data than raw data, suggesting the usefulness for the CESMD to distribute
processed data by careful consideration of processing parameters such as filter corners.
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Figure 4. Left: Visualization of the networks that contributed strong-motion data to the CESMD. Right:
Visualization of the type and number of downloaded waveform data files.
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3. Strong-Motion Data Products

Strong-motion data collected for California earthquakes are exchanged between the CISN networks in near
real-time and are automatically processed by the CSMIP’s Strong-motion Automated Recovery and Analysis
(SARA) system (Shakal et al., 2018). In the contiguous U.S. and its territories, the NSMP acquires, reviews,
and processes strong-motion data using the Processing and Review Interface for Strong-Motion Data (PRISM)
software (Jones et al., 2017) for ANSS accelerometers. All data products are disseminated via the Internet
Quick Report (IQR) of the CESMD for quick access and utilization in post-earthquake evaluation and further
analysis. The IQR is an event-specific page containing the data products generated for the event. When
available, the IQR provides the following data products:

e Raw and processed waveform data.

e A flat file containing peak ground motions (PGA, PGV, PGD, and SA at 3 periods) in text and CSV
format. Both CSMIP and NSMP currently compute spectral accelerations at 91 periods, and they are
considering expanding the number of periods to 100 to accommodate requests from the engineering
community.

o Files with plots of acceleration, velocity, and displacement timeseries and spectra.

e Link to an interactive map showing color-coded stations representing ranges of PGA values.

e Downloadable KML file for Google Earth/Geographic Information System (GIS) applications (Open
Geospatial Consortium).

e Link to ShakeMap — a graphical representation of ground shaking (Wald et al., 2021; Worden et al.,
2018; Worden et al., 2020).

3.1 Data Processing and Quality

While the CESMD strives to provide the above-mentioned data product types when available, the data received
from the contributing networks may come with different sampling rates, processing approaches, and data
formats. In California, most modern triggered systems record 200 samples per second (sps) and the real-time
stations record at 100 sps. For some of the stations belonging to the CISN networks that record both 100 sps
and 200 sps data, the highest sampling rate record will be posted at the CESMD and used in ShakeMap. In
general, the 100 sps and 200 sps data are similar in the 0.2 - 40 Hz frequency band, with obvious differences
at higher frequencies approaching and beyond the 50 Hz Nyquist frequency of the 100 sps data (Figure 5).
Engineering applications requiring frequencies greater than 40 Hz will need to utilize the 200 sps data.
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Decimating the 100 sps data by a factor of 2 results in significant differences in spectral acceleration (SA)
(Figure 5) and Fourier amplitude (not shown) for frequencies greater than 10 Hz, demonstrating the high-
frequency differences that can result from decimated data.
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Figure 5. Comparison of processed 100 sps and 200 sps records (bandpass filter: 0.3 Hz — 23 Hz) and
corresponding spectral acceleration (SA) at NSMP station NP5230 for the M4.9 Anza earthquake of April 34,
2020. Top: A direct comparison between the 100 sps and 200 sps data. Bottom: A comparison of the same
records but with decimated samples by half. Large amplitude differences are observed for frequencies higher
than about 10 Hz as shown in the spectral plot (Reproduced from Hagos et al., 2022).

Despite small differences in the data processing workflows, the SARA and PRISM automated systems largely
result in similar processed waveforms and spectral amplitude values (Jones et al., 2017; Kalkan and Stephens,
2017; Shakal et al., 2018). Both systems currently use default filter corners for automatic processing which
may later be adjusted upon review by a seismologist. One of the most important challenges in processing
strong-motion acceleration data is the choice of the long-period filter corner, i.e., the low-cut, which is the
longest period at which the data are reliable and is dependent on the SNR (Boore & Bommer, 2005). The
example in Figure 6 shows a record from the 2019 M7.1 Ridgecrest earthquake where differences in the PGA,
PGV, Fourier amplitude spectra (FAS), and SNRs are clearly observed when the long-period corner is adjusted
from 3.3s to 15s. In this example, the 15s low-cut is most appropriate based on a SNR threshold of 3 (Figure
6). The differences between the 3.3s and 15s low-cut filtered signals are more pronounced in the PGV records
than the PGA records, with higher PGV values recorded for signals filtered with a 15s low-cut (Figure 6). The
choice of the long-period filter corner is clearly important to consider in any automated strong-motion data
processing system.

The quality control and filter determination of strong-motion data are intertwined processes that can be
addressed simultaneously. Therefore, it is imperative that automated data processing systems include an
automatic calculation of the SNR for quality assessment and objectively determine the optimal filtering
frequency band using a combination of methods which may consider the SNR, the FAS slope (which should
decay proportionally to the reciprocal of the frequency squared at long-periods), and the integrated
displacement signal. While there is a need for this type of automated and uniform processing to determine key
processing parameters in real-time, manual reviews and adjustments cannot be completely avoided as a post-
processing step and processing decisions should be standardized. There are already a few ongoing
collaborative efforts in standardizing the strong-motion data processing and the generation of data products in
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a unified format. The CESMD team is currently working on a plan for benchmarking the SARA (Shakal et al.,
2018), PRISM (Jones et al, 2017) and the recently developed gmprocess software (Hearne et al., 2019;
Schleicher et al., 2024). Other efforts in this area include an initiative by the Consortium of Organizations for
Strong Motion Observation Systems (COSMOS) (https://strongmotion.org) to organize a workshop that is
aimed at developing standards for processing and quality control of strong-motion data.
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Figure 6. Left two panels: Example of two horizontal component records from the 2019 M7.1 Ridgecrest
earthquake showing how changes in long-period filter corners from 15s (grey dashed lines) to 3.3s (left-most
black dashed lines) result in amplitude differences mainly shown on the velocity and Fourier amplitude
spectra (FAS), as well as changes in the ratio of the signal (shown in blue) to the noise (shown in red) with a
signal-to-noise ratio (SNR) threshold of 3 indicated by the horizontal grey lines on the bottom panels. Right:
Comparisons of PGA and PGV between data filtered at 3.3s and 15s for the long-period filter corner/low-cut.
Red diamond is the PGV at station TOW2; blue diamonds are other stations that recorded the earthquake.
These records are available at the EDC.

Strong-Motion Data Format

Waveform data that are processed by the SARA and PRISM systems are distributed in CGS or COSMOS
formats. Data contributions shared by networks outside of the U.S. for some significant earthquakes are also
available in formats adopted by the data providers. Recognizing the challenge that disseminating data in
different formats poses to data users, the CESMD has made few data conversion tools available to users
under “About CESMD” on the CESMD website. Further, the CESMD is currently in a process of developing an
enhanced web-based data conversion application to increase the accessibility and utilization of data. The web
application under development is being designed to convert data at the CESMD from various institutions not
in COSMOS format to a variety of formats requested by the earthquake engineering community including
MATLAB, Extensible Markup Language (XML), and tagged single column American Standard Code for
Information Interchange (ASCII).

Most waveform data at the CESMD usually contain event origin information in the data file headers. For data
exchanged in near real-time, the earthquake origin information could still be the initial reporting by the
authoritative network. User verification and cross-checking of the earthquake origin information at the USGS
event pages for updated information is useful. In the future, an event URL will be included in the comment
lines of the waveform data in COSMOS format, which will give users quick access to the USGS event page
where updated earthquake information can be retrieved.

3.2. The Interactive Map

The Interactive Map feature at the CESMD is an event-specific product that is accessible by clicking the icon
at the top of event IQR pages. The Interactive Map provides a visual of the spatial distribution of the stations
that recorded an event (Figure 7). The current version of the map has added several important features
including a fault overlay (Hatem et al., 2022) and options for the user to select or deselect station types (e.g.,
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Ground, Geotech array, Building, Lifeline) to display. The stations (ground and structure) are color-coded
according to PGA values and are consistent with the intensity scale used in ShakeMap (Wald et al., 2021;
Worden et al., 2018; Worden et al., 2020). Further, by clicking on the individual station icons a pop-up window
appears providing users with quick links to the station page, the record plot, and the downloadable data files.
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Figure 7. An example of the Interactive Map for the M7.1 Ridgecrest earthquake of July 2019, zoomed-in to
show the distribution of the stations in the Los Angeles basin. An example of the pop-up window for a
specific station (44015) with quick links to the station page, record plot, and the downloadable data files is
also shown. The stations are color-coded according to peak shaking levels as shown in the map legend and
consistent with ShakeMap.. This Interactive Map example is available at the CESMD website here:
https.//www.strongmotioncenter.org/stationmap/StationMapD1.php ?ID=ci38457511.

3.3. Ground Motion Plots

Ground-motion plots on the IQR pages are dynamically generated for earthquakes with M4 and above (Figure
8). This product provides PGA and PGV vs distance plots. Recent developments to the ground motion plot
product includes the 2014 four NGA-West2 ground-motion models (GMM) (Ancheta et al. 2014) and the Boore
and Atkinson (2008) GMM, with an option to toggle between rock and soil sites for comparing observations
with prediction. It also adds an equally weighted average curve of the four models consistent with the active
crustal GMM used in ShakeMap. Currently, the GMMs are only displayed for earthquakes in the western U.S.
For earthquakes outside of the western U.S. for which the NGA-West2 GMMs are developed, only the
observations are displayed on the ground motion plot. The EDC plans to add other region-specific GMMs from
across the world by utilizing available algorithms in OpenQuake (Pagani et al., 2014).

In real-time processing, automated quality control algorithms may not catch noisy records or rarely, some
records can be associated with wrong events when multiple events occur close in time. In such cases, the
ground motion plot can serve as another layer of post-processing quality control tools to identify outliers.
Moreover, seismic networks can use the GMMs as a quick guide to determine the maximum distance for the
harvesting and distribution of ground motion waveform and parametric data in real-time. For a PGA-based
curve, the maximum distance for associating ground motions can be estimated from points at which the curve
falls below the defined threshold (CISN criterion for exchange of waveform data is a PGA threshold of 0.1%
g) with consideration of the standard deviation as shown in Figure 8 for earthquakes in the Western U.S. The
distance shown on the ground motion plot is rupture distance when a finite fault model is available, or epicentral
distance otherwise. The maximum distance for harvesting ground motion data in real-time processing is
magnitude and region dependent.
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Figure 8. Left: Example Ground Motion Plot for the 2023 M5.0 Ojai earthquake showing the maximum

horizontal ground motion versus distance using the NGA-West2 Ground Motion Prediction Equations

(Ancheta et al. 2014). Right: A magnitude-based estimate of the maximum distance below which the
threshold PGA falls to 0.1% g. These records are available at the EDC.

4. Data Access Tools

Users can query the CESMD for either event-specific data or from multiple earthquakes based on search
parameters. In general, there are four ways to access data from the EDC:

1. Direct access to data via the event specific IQR pages
2. Search engine

3. Web services

4. Station pages and maps

Given the increase in the volume of the uploaded and utilized/downloaded parametric and waveform data,
CESMD staff have been working to develop new and enhanced data access tools. In addition to the search
engine, the CESMD has developed web services tools to facilitate the access and utilization of data. The
CESMD web services is a RESTful Application Program Interface (API) that provides users with variety of
functionalities to access event, station, and record data (Figure 9). Data users can query the EDC database
by using the CESMD URL builder, or by building URLs programmatically using their own scripts, or by using
the standalone client script that can be found at a GitHub repository (https://github.com/SMIP-CGS/cesmd-
webservices-client).

While the event and station web service allow users to query earthquake and station metadata information,
respectively, the record web-services provides a comprehensive record-based search that returns parametric
outputs in CSV, XML and JSON formats, waveform data, and associated plot files. The web services allow
users to download records and metadata grouped either by event or by station. Currently, there is a 200 record-
per-download limit at a time to manage network bandwidth. The CESMD is working to improve the download
of large datasets through changes to permission levels via registration pages to let users indicate their
agreement to the CESMD bulk download policy.
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Figure 9. A snapshot of the current CESMD record web-services URL builder showing the sections for user
query parameters (Direct Link to CESMD Webservices Interface:
https.//www.strongmotioncenter.org/wserv/).

5. Station Site Characterization

Site characterization provides information about site geology, shear-wave velocity (Vs) profiles, time-averaged
shear wave velocity in the top 30 m (Vs30), and the National Earthquake Hazards Reduction Program
(NEHRP) site class. In addition to waveform data and related products, site-specific information is made
available to users via the CESMD station page where station photos and schematics for structural response
stations are displayed. Recognizing the importance of site characteristic information, the CSMIP and NSMP
have been compiling Vs30 information for station sites from different sources. The CSMIP has an ongoing site
characterization project to make direct Vs30 measurements at CGS ground station sites and has so far
completed measurements at 291 sites (GeoVision, 2016; Petralogix, 2017; Yong et al., 2013). For stations
where measured Vs30 is not available, CSMIP uses inferred Vs30 from proxy methods extracted from the
Vs30 grid map for California by Thompson et al., 2014. While inferred Vs30 values from published maps and
other proxies are used, they cannot replace measurements as demonstrated in Figure 10. So far, there are
530 stations with measured Vs30 values at the CESMD.

Expanding the compilation effort, current efforts include working to integrate a recent compilation of site
geology and seismic velocity characteristics at the U.S. ANSS strong motion station sites at the CESMD
(Huddleston et al., 2021). As shown in Figure 11, this compilation aggregates measurements of Vs30, three
different Vs30 proxies (based on geology, terrain, and a hybrid approach), Vs profile data from compilations,
statistics on Vs30 uncertainty, Geotechnical reports and Vs30 values determined from site databases of large-
scale ground motion model development efforts (i.e., the most recent regional Next Generation Attenuation
[NGA] Model projects (Bozorgnia et al., 2020; Goulet et al., 2018; Seyhan et al., 2014).
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Figure 10. Left: Histogram showing the number of records at the CESMD EDC for each NEHRP site class
from the number of stations shown in brackets. Right: Comparison between stations at the CESMD with
measured Vs30 and the weighted average of 4 Proxy methods in NGA-West2.

Currently, the CESMD database contains representative information of site geology, Vs30 and NEHRP site
class. The recent compilation includes extensive information per site compiled from multiple sources posing
an interesting challenge to integrate and assign preferred site characteristic information. Criteria and an
algorithm to automate this process are being developed. In addition to the preferred site information that goes
to CESMD, users will also be provided with links to the full compilation found in Huddleston et al., 2021.
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Figure 11. Diagram showing the sources of the collected data to be synthesized by a logic (in development)
that assigns a representative Vs30 and Vs profile at station sites.

6. Special Studies

The availability of large amounts of recorded strong-motion data has allowed many researchers to perform
studies addressing numerous specific topics of scientific interest. Results and conclusions derived from the
same datasets may vary depending on the methodologies employed in the processing and interpretation of
data. The CESMD has recently added “Special Studies” pages tab to the web portal (available at
https://www.strongmotioncenter.org/specialstudies/) to serve as a repository for research-specific data
releases which may in the future include synthetic data. The aim of the Special Studies page is to make
datasets compiled and used in research projects that studied one or more earthquakes easily available to
researchers who are interested in reproducing the results and/or in conducting their own independent study.
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The CESMD Special Studies page currently has datasets from nine studies of earthquakes in Alaska,
California, Hawaii, the Pacific Northwest, Utah, Great Valley, Portland, Reno, and Central and Eastern U.S.
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