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Earthquake scientists have traditionally relied on relatively small data sets

recorded on small numbers of instruments. With advances in both

instrumentation and computational resources, the big-data era, including an

established norm of open data-sharing, allows seismologists to explore

important issues using data volumes that would have been unimaginable in

earlier decades. Alongsidewith these developments, the community hasmoved

towards routine production of interpreted data products such as seismic

moment tensor catalogs that have provided an additional boon to

earthquake science. As these products have become increasingly familiar

and useful, it is important to bear in mind that they are not data, but rather

interpreted data products. As such, they differ from data in ways that can be

important, but not always appreciated. Important - and sometimes surprising -

issues can arise if methodology is not fully described, data from multiple

sources are included, or data products are not versioned (time-stamped).

The line between data and data products is sometimes blurred, leading to

an underappreciation of issues that affect data products. This note illustrates

examples from two widely used data products: moment tensor catalogs and

Did You Feel It? (DYFI) macroseismic intensity values. These examples show that

increasing a data product’s documentation, independence, and stability can

make it even more useful. To ensure the reproducibility of studies using data

products, time-stamped products should be preserved, for example as

electronic supplements to published papers, or, ideally, a more permanent

repository.
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1 Introduction

Among the physical sciences, seismology has long been at the

forefront with open data policies. This tradition began more than

a century ago, driven by the need to use observations from many

sites to locate and study earthquakes. Soon after the advent of

modern seismometry in the late 19th century (Dewey and Byerly,

1969), arrival times were distributed in published network

bulletins, although waveforms recorded on paper or film

could not be shared easily. Global catalogs of earthquake data

have evolved steadily over the years (Adams, 2002). The first

major attempt to gather and publish seismically recorded arrival

times was the Publications du Bureau Central de l’Association

Internationale de Sismologie (ISA, Rosenthal, 1907), which

began in 1904. The International Seismological Summary

(ISS) began publication in 1918 and eventually became the

Bulletin of the International Seismological Centre (ISC) in

1964. Not only arrival times but also polarities and

amplitudes were disseminated, enabling the study of

magnitudes and focal mechanisms. Today, high-quality digital

seismic networks and analysis centers provide not only raw

waveform data but also interpreted data products via the

internet. In addition to traditional seismological data and data

products, macroseismic data and data products are now

increasingly collected in unprecedented volumes. The easy

access to data and data products has fueled remarkable

growth of the field over the past century. Not only can

scientists work more efficiently, but the established practice of

openness has encouraged the sharing of models as well as data of

different types, and facilitated comparison and testing of results.

In this paper, we illustrate several issues that can arise with

widely used data products. Although data products are typically

produced with well-vetted methodologies, these products are not

data, but rather interpretations. For most applications, the

available data products are valuable and adequate. However,

for some applications important issues can arise, if methodology

is not fully described, data from multiple sources are included, or

data products are not versioned (time-stamped). Here, we

illustrate issues that have arisen in our studies using two

widely used data products. Although these examples involve

products by organizations within the United States (US),

similar documentation, independence, and stability issues will

be potentially important for other widely used seismological data

products.

2 Documentation of data products

The increase in computational power and availability of large

volumes of digital seismic data have made catalogs of both global

and regional seismic moment tensors derived by various agencies

widely available (e.g., Duputel et al., 2012; Ekström et al., 2012;

Quinteros et al., 2021). These catalogs are a powerful tool in

many applications, especially tectonic studies, because the results

are sufficiently robust that the details of the inversion generally

do not have a large influence on the moment tensor and hence

slip or stress directions (Rösler et al., 2021). However, some

applications depend on details of the moment tensors, and hence

would benefit greatly from documentation of the specifics of the

reported tensors and the inversion that produced them.

This issue is illustrated by recent studies comparing and

combining moment tensors reported in various catalogs.

Comparison is complicated in some cases by differing

coordinate systems used in the description of the moment

tensors. Most catalogs including the U.S. Geological Survey

(U.S. Geological Survey, Earthquake Hazards Program, 2017)

and Global Centroid Moment Tensor (Dziewonski et al., 1981;

Ekström et al., 2012) catalogs use the up-south-east (USE)

coordinate system convention with coordinates r (up), θ

(south), and φ (east). However, others including that of the

Southern California Earthquake Data Center use the north-east-

down (NED) system. Combining solutions or comparing tensor

components or quantitates derived from them thus can require

transforming components:

Mrr � Mdd,Mθθ � Mnn,Mφφ � Mee,Mrθ � Mnd,Mrφ

� −Med,Mθφ � −Mne. (1)

Documentation is crucial because of the complexity of the

moment tensor inversion process. The inversion models

seismograms as a linear combination of Green’s functions

weighted by the components of the moment tensor (Gilbert,

1971), which are determined by finding the best fit between

observed and synthetic waveforms. The process involves a

series of choices. The resulting moment tensor depends on

assumptions about elastic and anelastic Earth structure (Šílený,

2004; Cesca et al., 2006; Rößler et al., 2007), the specifics of the

inversion algorithm, the number and azimuthal coverage of

seismic stations used (Cesca et al., 2006; Ford et al., 2010; Vera

Rodriguez et al., 2011; Domingues et al., 2013), the seismic phases

and frequencies inverted, and noise in the data (Šílený et al., 1996;

Jechumtálová and Šílený, 2001).

Issues related to the moment tensor inversion are illustrated

by Rösler et al.’s (2021) study assessing the uncertainty of

moment tensor solutions by comparing solutions for the same

earthquakes in the U.S. Geological Survey (USGS) and Global

Centroid Moment Tensor (GCMT) catalogs. The comparison

showed intriguing differences in the reported scalar moments.

The USGS calculates the scalar moment as the Euclidian norm of

the full deviatoric moment tensor, following Silver and Jordan

(1982),

MUSGS
0 �

����������
1
2
∑3
i�1

∑3
j�i

M2
ij

√√
�

�����������
λ′21 + λ′22 + λ′23

√
, (2)

which includes the contribution of the non-double-couple

component. In contrast, GCMT neglects the contribution of
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the NDC component and defines the scalar moment as the

average of the two eigenvalues with largest absolute value,

which yields the scalar moment of the best double couple,

MGCMT
0 � 1

2
|λ1′| + |λ2′|( ), (3)

where λ1′ > λ3′ > λ2′. Hence, the scalar moments reported in both

catalogs are not directly comparable.

GCMT generally reports larger scalar moments than USGS,

with the difference decreasing with magnitude. This difference is

larger than and of the opposite sign from that expected due to the

different definitions of the scalar moment used in each catalog.

Instead, the differences reflect differences in the moment tensor

components. These differences are typically an order of

magnitude larger than the reported errors, suggesting that

estimated errors substantially underestimate the uncertainty.

Moreover, the study found surprisingly large differences

between the two catalogs in non-double-couple (NDC)

components for individual events, reflecting processes other

than slip on planar faults. In the absence of isotropic

components in moment tensors reported in catalogs, NDC

components are compensated linear vector dipoles (CLVDs).

Although the differences likely result from methodological

differences in the inversion, the methodology used is

insufficiently documented for users to assess possible causes of

the discrepancies. This would require information about the

stations and components used, their weights given during the

inversion, and the mathematical method used to obtain the best

fit between synthetic and observed waveforms.

Rösler and Stein (2022) identified another difficulty that

arises for earthquakes with magnitude M < 4.5. Although the

GCMT catalog does not report moment tensors for such events,

the USGS catalog includes solutions for earthquakes as small as

M 3.0 (Figure 1). Seismic waves of such small earthquakes are

detectable only by regional seismic networks, which prevents the

determination of moment tensor solutions applying the methods

that are used for larger earthquakes. This change in methodology

yields many small earthquakes with zero NDC components in

the USGS catalog (Figure 1A) and an apparent increase of NDC

components with magnitude untilM 5 (Figure 1B), above which

the average NDC component is essentially constant (Rösler and

Stein, 2022). However, the information about the methodology to

determine their moment tensor is only found in the metadata of

an earthquake and cannot be retrieved through the International

Federation of Digital Seismograph Networks (FDSN) Event Web

Service, which makes it inaccessible to most users. As a

consequence, wrong assumptions may be made about NDC

components. Documentation of the details of the

determination of moment tensors would let moment tensor

studies identify effects due to varying methodology.

3 Independence of data products

Comparison of the USGS and GCMT catalogs revealed a

further complication, noted briefly by Rösler et al. (2021). Most

moment tensor solutions were effectively identical for

earthquakes with magnitude M < 5 before 2012. However, it

was not immediately clear why some solutions were the same.

The scalar moments reported in both catalogs are essentially the

same for small earthquakes before 2012 (Figure 2A). In contrast,

the difference in scalar moment increases sharply for earthquakes

FIGURE 1
Distribution of non-double-couple components with magnitude in the USGS catalog. (A) The large number of earthquakes with no NDC
components for M < 5, resulting from inversions which exclude them, causes an apparent increase of NDC components with magnitude until M
5 (B), above which the average NDC component is essentially constant.
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FIGURE 2
Differences in normalized scalar moment (A), in double-couple components (B), and correlation of non-double-couple components (C)
between USGS and GCMT catalogs over time. (D) Number of earthquakes in each catalog over time and number of earthquakes common to both
catalogs. (E) Number of events obtained from the GCMT catalog in the USGS catalog common to both catalogs over time. (F,G) Number of events
common to both catalogs and number of events unique in both catalogs in 2011 and 2012. (H,I) Correlation of NDC components between
catalogs in 2011 and 2012.
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that occurred in 2012 and the years after it. This is in contrast to

the finding that the GCMT catalog generally reports larger scalar

moments than the USGS for earthquakes that occurred after 2012

(Rösler et al., 2021). A similar change occurs for the difference in

double-couple (DC) components between focal mechanisms

which describe slip on a fault plane. The angle Φ needed to

rotate one set of principal axes into another (Kagan, 1991) is a

measure for the difference in fault geometry between moment

tensors. The drastic increase in mean rotation angles (Figure 2B)

between moment tensors in the two catalogs in 2012 indicates a

decreasing similarity between the fault angles of the source

mechanisms between catalogs. NDC components describe

components of the source beyond a double-couple force

system representing slip on a fault plane. A decrease in

correlation shows that the NDC components differ

increasingly between catalogs after 2012 (Figure 2C). This is

illustrated for the year 2011, in which the NDC components of

the earthquakes in both catalogs are essentially identical

(Figure 2H), whereas there is no correlation between the NDC

components of the earthquakes that occurred in 2012 (Figure 2I).

These findings support the conclusion that most moment tensors

are identical in the GCMT and USGS catalogs until 2011.

Independent determination of seismic moment tensors

would result in a constant rate of overlapping events between

catalogs. However, the number of earthquakes common to both

catalogs decreases sharply after 2011 (Figures 2D,F,G),

accompanied by a decrease in the number of earthquakes in

the USGS catalog. The number of earthquakes in the GCMT

catalog, on the other hand, continues to increase as expected

considering the increase of seismic stations and hence better

availability of seismic data. This suggests changes in the

methodology used to produce the USGS catalog.

The USGS provides information about the provenance of the

moment tensor solutions in their catalog when taken from other

catalogs. Most events in the USGS catalog that are common to

both catalogs were obtained from the GCMT before 2011

(Figure 2E), after which time this practice ceased. However,

the origin of moment tensors seems not to be correctly

indicated for many earthquakes in the USGS catalog. Only

25.6% of earthquakes common to both catalogs in 2006 are

indicated to have been obtained from GCMT, whereas the

coincidence between DC and NDC components indicates that

nearly all moment tensors are identical between catalogs.

Additionally, although more than 90% of the earthquakes

common to both catalogs in the years 2007–2011 are

indicated to have been obtained from GCMT, the differences

between catalogs suggest that this percentage is closer to 100%.

Apart, this information is not available through the FDSN Event

Web Service, and can only be accessed for individual earthquakes

in the catalog, or through an additional Python package.

Issues of independence and documentation, which arise

when multiple moment tensor catalogs are combined, will

become increasingly common as more agencies make such

catalogs available. For example, Rösler and Stein (2022)

combined moment tensors from three global and four

regional catalogs into a dataset of NDC components of

12,856 earthquakes with 2.9 < M < 8.2 in various geologic

environments. The fact that methodology used in each catalog is

not fully documented poses limitations for the analysis, which

compared data for earthquakes with different magnitudes, and

thus derived from different networks.

4 Stability of data products

The common blurring of the distinction between data and

data products is further illustrated by the collection and

interpretation of macroseismic data, defined as the effects of

earthquake shaking on people and the built environment. The

value of such information has long been recognized (Egen, 1828;

Mallet, 1857; Ambraseys, 1971; Bakun and Wentworth, 1997;

Gasperini et al., 2010; Sbarra et al., 2020). To investigate

earthquakes or their effects, numerical intensity values are

assigned based on the severity of shaking at each location,

dating back to seminal work in the 19th century (Mallet,

1857). Starting with the introduction of the U.S. Geological

Survey “Did You Feel It?” (DYFI) system in 1999 (Wald et al.,

1999), intensity values have been determined using algorithms

from responses to online questionnaires submitted by

eyewitnesses (Wald et al., 1999; Bossu et al., 2015; Bossu

et al., 2017; van Noten et al., 2017). The DYFI system has

collected information about notable earthquakes that pre-date

the introduction of the system (Quitoriano and Wald, 2020) and

tens of thousands of reports even for moderate earthquakes. For

example, over 1,000 and over 10,000 DYFI responses have been

collected to date, respectively, for the 1971 Sylmar, California,

and 1994 Northridge, California earthquakes.

Since its inception, the DYFI system has produced

unprecedented volumes of intensity information for

earthquakes in the United States (Quitoriano and Wald, 2020;

and Data and Resources). The system now routinely collects

thousands of reports even for moderate earthquakes in urban

areas. Responses are analyzed with an algorithm to obtain

community decimal intensity (CDI) values, designed to

reproduce intensity values that would previously have been

assigned subjectively using the modified Mercalli intensity

(MMI) scale (e.g., Wood and Neumann, 1931). These data are

not available to users due to U.S. Government rules that prohibit

sharing of personally identifiable information, including home

addresses, that has been collected by a government system. Users

can download intensity values via the DYFI web site. Although

DYFI values are often referred to as “intensity data,” the values

available to users are interpretations - data products - rather than

raw data. The term “data product” is used commonly in the

geodetic community to describe processed products, such as site

velocities derived from GPS data. Terminology has been less
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precise among the seismological community, as evidenced by the

erroneous but widespread usage of “the term “DYFI intensity

data”.”

As increasing volumes of DYFI information were collected,

studies demonstrated a strong (indeed, “surprisingly good”)

consistency between DYFI intensities and instrumental

ground motion parameters such as peak ground acceleration

(PGA) (Atkinson and Wald, 2007; Worden et al., 2012). DYFI

intensities have thus proved useful beyond expectation to

characterize earthquake effects, for myriad applications

including ground motions investigations (e.g., Hough, 2012),

earthquake early warning (e.g., Saunders et al., 2020), and

earthquake response (Earle et al., 2009).

Spatially rich DYFI values have been useful to characterize

ground motions from induced earthquakes. Following an

increase in earthquake rates in parts of the central

United States around 2009, a growing volume of literature

(Horton, 2012; Ellsworth, 2013; Keranen et al., 2013)

established a causal link between the increased seismicity rates

and deep injection of wastewater (Healy et al., 1968). By 2013,

seismic hazard associated with injection-induced earthquakes

was an increasing concern (e.g., Ellsworth, 2013), motivating the

U.S. Geological Survey to produce short-term hazard maps

aimed at capturing the hazard from induced earthquakes in

the central and eastern United States (Petersen et al., 2017;

Petersen et al.,2018). Hough (2014), Hough (2015) analyzed

DYFI values for moderate earthquakes in the central and

eastern United States (CEUS) and concluded that, apart from

the very near-field, shaking intensities from induced earthquakes

are systematically lower than shaking from tectonic earthquakes

of comparable magnitude. Hough (2015) suggested that induced

earthquakes had lower stress drop values than tectonic

earthquakes in the same area, giving rise to the lower

intensities (Hanks and Johnston, 1992).

Subsequent analysis of instrumental data (e.g., Atkinson and

Assatourians, 2017; Yoshimitsu et al., 2019) has generally

supported the conclusion that stress drops of induced

earthquakes in the CEUS are more comparable to stress drops

of tectonic earthquakes in the western U.S. than to the high stress

drops typically observed for tectonic events in the CEUS (Scholz

et al., 1986). Although the results of Hough (2014) and Hough

(2015) have generally been corroborated, those results were

derived from aggregated DYFI intensities, whose values can

potentially change if additional responses are received, or due

to processing changes that may be undocumented. Although

these changes may be small, they can be systematic and render

earlier studies irreproducible. Such a case was brought to the

third author’s attention, and motived her to consider stability

issues in detail.

Changes in DYFI values due to processing or new responses

are not documented, and their analysis is complicated by the fact

that DYFI intensity catalogs are not versioned, so files that were

used by earlier studies cannot be recreated retroactively. Apart

from consideration of files downloaded earlier by researchers,

changes can sometimes be seen in time-stamped systems files

downloaded over time. We discuss two examples here.

First, changes to DYFI intensities can be illustrated by DYFI

values for one of the most notable recent CEUS earthquakes, the

2011 M 5.8 Mineral, Virginia, earthquake, the largest tectonic

CEUS earthquake in recent decades. Following (Hough 2014;

Hough 2015), we focus on intensity values determined within

postal ZIP codes, excluding information from Canada to avoid

issues associated with aggregation of data. Over time, the DYFI

system has increasingly moved towards aggregation of responses

within 1- and 10-km geocoded cells, with user locations

increasingly determined using georeferencing. These geocoded

intensity values provide better spatial resolution than data

aggregated by ZIP code. Although these changes potentially

affect geocoded intensity values due to changes in how

responses are aggregated, they are irrelevant for the ZIP-code-

based values analyzed by Hough (2014) and Hough (2015) and

discussed here. Because the spatial extent of ZIP codes is

effectively static, focusing on DYFI values aggregated within

ZIP codes provides an opportunity to explore how DYFI data

can change due to factors other than spatial aggregation.

The earlier studies (Hough, 2014; Hough 2015) analyzed

DYFI values downloaded from the USGS web site at different

times, but no later than 31 December 2014. Figure 3 presents

time-stamped DYFI maps for the earthquake, from 29 August

2011 and 27 June 2017. The panels show that total DYFI

responses averaged within ZIP codes for the Mineral

earthquake numbered 133,208 in 2011 and 144,178 in 2017.

The number of ZIP codes plotted were 8,463 and 8,607,

respectively. In general, DYFI responses are overwhelmingly

received soon after an earthquake. Given the notoriety of the

Mineral event, responses have continued to be submitted, in

some cases in response to advertisement of the DYFI page on

social media platforms. To visual inspection, intensity maps are

effectively indistinguishable (Figure 3). Thus, temporal changes

notwithstanding, large DYFI data sets appear to be robust to first

order.

Systematic small changes in DYFI values may, however, be

important for detailed analysis such as the comparisons

presented by Hough (2014), Hough (2015). Figure 4 shows

time-stamped system files downloaded on 29 August

2011 and 27 June 2017 with DYFI intensities plotted versus

distance. Subtle but systematic changes in intensity values are

plainly evident in these two panels. The intensity values predicted

using the CEUS intensity prediction equation (IPE) developed by

Atkinson and Wald (2007) are the same in both panels. Whereas

pre-2015 bin-avearged DYFI intensities for the Mineral

earthquake at distances between ~20 and ~200 km were

consistent with the IPE (Figure 4A), values shown in

Figure 4B are significantly below the curve over this key

distance range. The scatter in individual intensity values is

also noticeably different. Because intensity values have
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FIGURE 3
(A) Time-stampedmap of Did You Feel It? Intensities for the 2011Mineral, Virginia, earthquake, generated on 29 August 2011. (B) Time-stamped
map generated on 27 June 2017. Although maps appear to be consistent to first order, close inspection reveals systematic differences. Differences
are more clearly evident in plots showing intensities versus distance (Figure 4).

FIGURE 4
Comparison of time-stamped, system-generated Did You Feel It? Intensities versus hypocentral distance for the 2011 Mineral, Virginia,
earthquake, downloaded on (A) 29 August 2011 and (B) 27 June 2017. Different plotting conventions were used to generate these plots, but both
panels include the same reference intensity prediction equation (IPE; red line). Note that average intensities in (A) are highly consistent with the IPE
for distances between 50 and ~300 km, whereas average intensities in (B) systematically fall below the IPE.

Frontiers in Earth Science frontiersin.org07

Rösler et al. 10.3389/feart.2022.988098

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.988098


dropped systematically over the distance range over which large

numbers of responses were received, the systematic change in

values serves to negate or lessen the conclusions of Hough (2014),

Hough (2015) regarding the comparison of these intensity values

with those of the 2011 Prague, Oklahoma earthquake. Systematic

differences in DYFI intensities for the Mineral, Virginia,

earthquake will furthermore be potentially consequential for

any study that uses this earthquake as a calibration event.

As a second andmore recent example, we consider DYFI files

for the 19 September 2020, M 4.5 South El Monte, California,

earthquake. This earthquake occurred shortly before midnight

local time and was widely felt throughout the greater Los Angeles

metropolitan area. This was a key event analyzed by Hough

(2022), who showed that DYFI participation across the greater

Los Angeles area correlated with average household income. As

of 17 April, 2021, 22,546 responses had been received by the

DYFI system, 5,781 of which were plotted in 591 ZIP codes. As of

30 August 2022, the DYFI system shows a similar map for this

event: 21,404 responses, with 5,626 plotted in 590 ZIP codes.

Although the total numbers do not differ much, a spot-check

comparison of downloaded files reveals a decrease in the

numbers of responses in various ZIP codes. In this case,

changes appear to have been due to a filter designed to weed

out possible duplicate responses, retroactively applied to the

South El Monte event in March of 2021 (Vince Quitoriano,

oral communication, 2022). Results presented by Hough (2022),

which considered files downloaded before February, 2021, are

thus now irreproducible.

We note again that DYFI intensities are interpretations of

raw macroseismic data that are unavailable to users. DYFI

intensity values are calculated from information that evolves

over time, with unknown changes in processing. The

community has, however, increasingly recognized the value

of DYFI products for research, earthquake response, and early

warning (e.g., Earle et al., 2009; Hough, 2012; Saunders et al.,

2020). It might not be practical or useful to version DYFI

values every time new responses are processed. However, to

ensure reproducibility of results, values for an event could be

versioned periodically. Were it possible to obtain versioned

DYFI values retroactively, the effects of such changes could be

analyzed systematically. Until then, the results presented here

demonstrate that one cannot assume that analysis of earlier

DYFI values will be reproducible with current intensity

values.

5 Conclusion

Agencies and organizations that provide publicly available

large sets of data and data products perform a difficult and

valuable service to the seismological community. As advances

in instrumentation and computational resources have heralded

the modern big-data era, the community has benefited

enormously from not only unprecedented volumes of data,

but also interpretative data products. As the examples discussed

here show, issues of documentation, independence, and

stability can arise if methodology is not fully described, data

from multiple sources are used, and data products are not

versioned. Improving the documentation, independence, and

stability of data products would make them even more useful,

and help ensure that published results are reproducible. We

recognize that addressing these issues will involve additional

effort by, and commitment of resources to, the agencies that

produce key data products. It is similarly incumbent on authors

to preserve and make available the data products on which their

conclusions are based, for example in electronic supplements to

published manuscripts, or in an appropriate durable repository.

Lastly, the issues discussed in this paper underscore a general

challenge to the community regarding the need to preserve data

products or other interpretive results (e.g., software model

runs) that are not data, but can be too large to include in

published papers.

Data and resources

The Global Centroid Moment Tensor (Global CMT)

Project catalog (available at https://www.globalcmt.org,

Dziewonski et al., 1981; Ekström et al., 2012) was last

accessed February 2022. The moment tensors of the U.S.

Geological Survey (USGS, U.S. Geological Survey, Earthquake

Hazards Program, 2017) catalog were downloaded using the

Python package ObsPy (Beyreuther et al., 2010) and its

International Federation of Digital Seismograph Networks

(FDSN) Event Web Service client (last accessed February

2022). Earthquakes with similar source time (60 s), location

(difference of less than 1°), and magnitude (M ± 0.5) in both

catalogs are considered the same event.

Current Did You Feel It? Data, and information about the

earthquakes analyzed in this study, can be accessed via the USGS

Comprehensive Earthquake Catalog site, which includes links to

DYFI data on each event page: https://earthquake.usgs.gov/

earthquakes/search/ (last accessed March 2021).
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