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Abstract The creation of a homogenized earthquake catalog is a fundamental step in seismic hazard
analysis. The homogenization procedure, however, is complex and requires a good understanding of the het-
erogeneities among the available bulletins. Common events within the bulletins have to be identified and
assigned with themost suitable origin time and location solution, while all the events have to be harmonized
into a single magnitude scale. This process entails several decision variables that are usually defined using
qualitativemeasuresor expert opinion,without a clear explorationof theassociateduncertainties. Toaddress
this issue, we present an automated and data-driven workflow that defines spatio-temporal margins within
which duplicate events fall and converts the various reported magnitudes into a common scale. Special at-
tention has been paid to the fitted functional form and the validity range of the derived magnitude conver-
sion relations. The proposed methodology has been successfully applied to a wide region around the Dead
Sea Transform Fault Zone (27N-36N, 31E-39E), with input data from various sources such as the International
Seismological Centre and the Geophysical Institute of Israel. The produced public catalog containsmore than
5500 events, between 1900 and 2017, withmomentmagnitudeMwabove 3. TheMATLAB/Python scripts used
in this study are also available.

Non-technical summary Earthquake catalogs are a fundamental input into seismic hazard and
risk assessment studies. Unfortunately, data about the location and size of an earthquake can be reported
from different sources in inconsistent ways. To address this issue, we developed statistical methods that can
automatically combine and standardize earthquake data from different sources. In the end, our workflow
produces unified earthquake catalogs, free of duplicated entries, with all event sizes being reported in a sin-
gle magnitude scale. We applied our framework to a large area around the Dead Sea Transform Fault Zone
(27N-36N, 31E-39E), using data from various sources such as the International Seismological Centre and the
Geophysical Institute of Israel. The resulting public catalog contains more than 5500 events, between 1900
and 2017, with magnitude above 3. The MATLAB/Python scripts used in this study are also available.

1 Introduction
An earthquake catalog is a parametric list of events
with each entry providing an earthquake’s epicenter,
origin time, and magnitude size; and sometimes addi-
tional data such as depth, associated uncertainties, and
focal mechanism information (Woessner et al., 2010).
In an instrumental catalog these properties have been
computed by analyzing seismic recordings, either ana-
log or digital. In many cases they form the principal
datasets from which seismologists interpret the earth-
quake process and build forecasting statistical mod-
els (e.g. Sesetyan et al., 2018). Earthquake catalogs
that span many decades are usually inherently hetero-
geneous. From the early days of (pre-)instrumental
seismology, in the beginning of the twentieth century,
seismological networks have undergone many changes
that are reflected in the databases in use today. These

∗Corresponding author: iason.grigoratos@sed.ethz.ch

changes can be gradual, such as improvements in loca-
tion and magnitude estimation over time, as networks
gradually increase in size and advances in instrumenta-
tion enhance the signal-to-noise ratio in the seismologi-
cal record. They can also be rapid, such as a systematic
change in operating, recording and processing proce-
dures (Husen and Hardebeck, 2010).

Even without network changes, however, discrepan-
cies should be expected due to the sensitivity of the
models used to derive parametric information from
seismic records. Such procedures employ (i) signal pro-
cessing techniques, (ii) phase picking algorithms, (iii)
subsurface velocity models, (iv) calibration of the in-
struments, and (v) calibration of the attenuation model
used to reconcile observations at different distances
(Gomberg et al., 1990;Douglas, 1967). Steps (i)-(iv) affect
both origin time and location (epicenter and hypocen-
ter) (Waldhauser and Ellsworth, 2000; Kagan, 2003),
while (v) is often coupled to the earthquake’s magni-
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tude, presenting a formidable inversion problem (Tor-
mann et al., 2010). As a result, refinements over time
either in the models or in the technology used can lead
to significant differences in the output. Large discrep-
ancy is observed also due to the fact that themodels and
techniques used in steps (i)-(v) are network-specific and
often are not standardized (Bormann and Saul, 2008).
Heterogeneity among earthquake catalogs leads to

significant data contamination and misinterpretations
of the results in a number of analyses, such as seis-
micity rate evaluation and hazard assessment (Musson,
2012). These problems aremore evident when the anal-
ysis needs to include data from periods with durations
on the order of century and in regions where the cover-
age from the seismic network is sparse. Our case study
region, the Dead Sea Transform Fault Zone (DSTFZ),
lacked local seismic networks for a long time (until
1983), although it comprises one of the most rapidly de-
forming non-subduction region worldwide (Garfunkel
et al., 1981). This is why the scope of the present study is
to present a framework for merging and homogenizing
multiple instrumental earthquake catalogs. We devel-
oped automated data-driven methods to minimize the
need for expert opinion, which is inherently subjective.
Specifically, using as sole input the available parametric
catalogs (§3), the procedure cangeneratemodels to con-
vert the various reported magnitudes into a common
scale (§4) and to define the spatio-temporal margins
within which duplicate events fall (§5). The application
of these models leads to a unified instrumental earth-
quake catalog containing only unique events with stan-
dardized parametric information (§6). Similar efforts
with variations in the methodology have been done in
the past for Italy (Rovida et al., 2020), Lebanon (Brax
et al., 2019), Ecuador (Beauval et al., 2013), the Middle
East (Zare et al., 2014), South Asia (Nath et al., 2016), Eu-
rope (Gruenthal and Wahlstroem, 2012) and for global
large magnitude events (Storchak et al., 2015), to name
a few. Compared to such past efforts, some of the
key improvements presented here relate to data-driven
workflows in order to group similar magnitude types to
address data-scarcity, define saturation levels for vari-
ous functional forms, and select time-dependent spatio-
temporal windows for the removal of duplicated entries
by utilizing metadata of the International Seismolog-
ical Centre (ISC). Our investigated area (27N-36N and
31E-39E) is meant to match the boundaries of the latest
regional historical catalog (Figure 1, Grigoratos et al.,
2020). The two catalogs combined can serve as valu-
able input to probabilistic seismic hazard assessment
(PSHA) studies in the region. The latter can be paired
with existing exposure (e.g. Grigoratos et al., 2018) and
vulnerability models (e.g. Grigoratos et al., 2016; Ro-
driquez et al., 2018; Cerchiello et al., 2018; Meo et al.,
2018) that are available for some parts of the DSTFZ.

2 Seismotectonic setting
The DSTFZ is the main expression of the movement of
the European, Arabic and African plates. It consists
of a sequence of left-lateral transform faults (Figure 1)
connecting the spreading oceanic ridge of the Red Sea

in the south with the compressional deformation zones
of the Arabia-Eurasia collision zone in the north (Gar-
funkel et al., 1981). Although the largemajority of earth-
quakes occur at a depth range between 10 and 20 km,
the total seismogenic thickness beneath themidpoint of
the DSTFZ is about 28 km (Aldersons and Ben-Avraham,
2014). Global Positioning System (GPS) measurements
indicate significant crustal motion with slip rates of
about 4–5mm·yr−1 for thewholeDSTFZ, perhaps some-
what larger in the northern parts and smaller further
south (Marco and Klinger, 2014; Ambraseys, 2009).
In recent times, there is an apparent quiescence of

theDSTFZ; excluding the large earthquake ofNovember
22 1995 (Ms 7.1) in the Gulf of Aqaba, only one main-
shock of Ms 6.0 or larger has occurred during the past
century, on July 11 1927 (Ambraseys, 2001). The fre-
quency of large earthquakes in the last 2000-3000 years,
however, is quite different (Grigoratos et al., 2020), with
the majority of historical earthquakes rupturing fault
segments above the 31st parallel north (Figure 1).

Figure 1 Historical earthquakeswithMw≥5 between 31BC
and 1900, inside our investigated zone (Grigoratos et al.,
2020). The black lines indicatemain faults along the DSTFZ.

3 Input datasets

Our goal was to present a unified catalog containing
unique events with Mw≥3. To arrive at that point after
magnitude homogenization, we initially used a cut-off
scale-independent magnitude of 2. The catalogs and
bulletins we used as input sources are described below
and are summarized in Table 1.
The International Seismological Centre (ISC) was es-

tablished in 1964 as the successor to the International
Seismological Summary. It collects and standardizes
raw and parametric seismic data from about 130 net-
works worldwide (ISC, 2023). With the exception of
Africa, Central Asia, and SE Asia, the reporting instru-
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Source Time period Magnitude ≥ Events Magnitude Scale
ISC Bulletin 1918 – Jan. 2018 2 34167 varied
ISC-GEM 1900 – 2013 5.5 25 Mw

EMSC Oct. 2004 – Jan. 2018 2 2998 ML/Md/mb/Mw

GII 1903 – Jan. 2018 2 10709 Md/mb/Mw

EMME 1900 – 2006 4 837 Mw

EMEC 1900 – 2006 4 763 Mw

IRIS 1968 – Jul. 2016 2 18321 Varied

Table 1 Sources of parametric earthquake data (within our spatial boundaries).

mental agencies in most parts of the world are con-
tributing members to ISC (Willemann and Storchak,
2001). ISC re-analyzes all events above magnitude 3.5
and often assigns newepicenters (Bondar and Storchak,
2011) and/or magnitudes (Di Giacomo and Storchak,
2015), using all the available raw data (Storchak et al.,
2017). The ISC Bulletin was a fundamental source of
data for this study.
The ISC-GEM catalog (Storchak et al., 2015) is amajor

step forward compared to previously available sources
of information. Version 4 of the catalog includes around
27,000 global earthquake epicenters and hypocenters
between 1900 and 2013, recomputed using the original
arrival time data and the same technique and velocity
model throughout. Where possible, earthquake magni-
tudes are expressed using the Mw scale based on seis-
mic moment; proxy Mw values are estimated for the
other cases based on the newly developed empirical re-
lationships with MS and mb (Di Giacomo et al., 2015).
Uncertainties around the parametric information are
estimated using uniform techniques (Storchak et al.,
2015). The cut-off magnitude thresholds (Ms) for Ver-
sion 4 were: 7.5 after 1900, 6.25 after 1918, 5.5 after 1920
(newer versions have lower thresholds).
The European-Mediterranean Seismological Centre

(EMSC) collects real time parametric data (source pa-
rameters and phase pickings) since 1998 from about
70 seismological networks in more than 50 Euro-
Mediterranean countries (Godey et al., 2009). Weherein
refer to this bulletin as CSEM, following the nam-
ing scheme of the ISC Bulletin (http://www.isc.ac.uk/
iscbulletin/agencies/). The online bulletin provides
events only after mid-2004. Epicentral relocations are
performed for all events (Godey et al., 2006). When
amplitude/period information is available (provided by
50% of the contributing networks), original body wave
and local magnitudes are computed by EMSC (Godey
et al., 2013); otherwise, the reported magnitude values
are taken from the contributing networks. We should
note that the exact source of the magnitude estimates
is not cited in the online bulletin. Since 2006, EMSC is
integrated in the ISC Bulletin.
The Geophysical Institute of Israel (GII, formerly

IPRG) processes the seismic data collected by the Israel
Seismic Network (operating since 1983), which contains
about 20 stations in and around Israel. The geographic
region, which is covered by this bulletin iswithin the ge-
ographic boundaries 27N-36N and 32E-38E (Feldman).
We used GII’s relocations as the preferred parametric

information for the events that were reported in the
study of Wetzler and Kurzon (2016). We were unable to
find original catalogs from other regional networks.
Within the framework of the “Earthquake Model of

the Middle East Region” (EMME) project (Danciu et al.,
2017; Sesetyan et al., 2018), Zare et al. (2014) published
a catalog up to year 2006 for the Middle East, compiling
parametric information provided by past studies and
bulletins (mainly ISC). It provides origin time, epicen-
tral coordinates and magnitudes, homogenized in Mw.
For several events, the source of the original magnitude
estimate remains unclear, due to limitations in the orig-
inal national data.
The European-Mediterranean earthquake catalogue

(EMEC; Gruenthal and Wahlstroem, 2012) is an exten-
sion of the CEntral, Northern and northwestern Euro-
pean earthquake Catalogue (CENEC) (Grünthal et al.,
2009) covering Europe and the Mediterranean Sea until
2006. Like EMME, it compiled parametric information
provided by past studies and bulletins. For the eastern
Mediterranean and the Levant area, the vast majority of
the events originate from Papaioannou (2001) and Ab-
dallah et al. (2004).
The Incorporated Research Institutions for Seismol-

ogy (IRIS) has an online bulletin that collects (with-
out further review) parametric data from the ISC Bul-
letin and the National Earthquake Information Cen-
ter (NEIC) (Trabant et al., 2012). The IRIS Earthquake
Browser (IEB) is the main expression of this bulletin,
but does not provide the source of each entry and the
magnitude scale of each magnitude value. Therefore,
we did not make use of IEB. Instead, we used another
tool of IRIS called SeismiQuery which does not present
such drawbacks. Unfortunately, SeismiQuery was shut
down in January 2017.
In principle, using the ISC Bulletin as the only source

of instrumental seismicity should be sufficient, since
the other available sources are either incorporated in,
or based on ISC. However, for reasons that might have
to do with the reviewing procedure, some events pub-
lished in the bulletin of a local agency are not reported
by the ISC Bulletin, even though the local agency in
question is a contributing member. The opposite sce-
nario is also possible, i.e. the ISC Bulletin lists an event
solution citing a local contributing agency which does
not report the same event in its own bulletin. The same
is true for other international bulletins such as EMSC
or IRIS: even though they share most of their contribut-
ing agencies with the ISC Bulletin, in some cases their
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reported events do not match. As a result, for spe-
cific cases including our case study region, one has to
consider several international bulletins and local agen-
cies, even if they are closely related to the ISC Bulletin.
Furthermore, regional networks with localized velocity
models can provide better estimates for the epicenter
and depth of an event.
The ISC Bulletin and GII are the only sources still re-

porting more than one magnitude solution per event,
thus enabling the correlation between different magni-
tude scales, and agencies (only ISC). The ISC Bulletin is
also the only source providing numerically quantified
uncertainty on the time, magnitude and location solu-
tions.

4 Magnitude homogenization

4.1 Magnitude scales and their limitations

Numerous different magnitude scales have been pro-
posed through time (Kanamori, 1983; Lay andWallace,
1995), eachbasedonadifferent analyzedproperty of the
recorded earthquake signal andwith a different applica-
bility. Defining themost suitablemagnitude scale for all
purposes is generally not possible, as it depends on the
practical needs, and it may vary considerably between
different regions and seismic networks. Often a sin-
gle network reports multiple magnitude scales for dif-
ferent event sizes and occasionally for the same event;
the latter case enables empirical correlations between
scales to be established. Although the different magni-
tude scalesweredefined so that theywouldbehave over-
all similarly within certain magnitude ranges (Guten-
berg and Richter, 1956), there can still be considerable
variation between estimates of a single event. This
heterogeneity may produce artifacts in the magnitude-
frequency statistics of the unified catalog (Tormann
et al., 2010).
The most commonly used class of magnitude scales,

following Richter’s original formulation for the local
magnitude scale (Richter, 1935), is based on the loga-
rithm of the amplitude of the recorded seismic waves
(Deichmann, 2006). The local magnitude (ML) is arbi-
trarily defined based on the maximum observed ampli-
tude on a Wood-Anderson seismometer, with a period
of 0.8s, recorded at 100 km from the earthquake. In
practice, however, the recording distance is never ex-
actly 100 km and region-dependent correctionsmust be
made to account for amplitude changes with distance
due to anelastic attenuation and geometrical spreading.
Station corrections are also needed, to account for site
effects. Further corrections must be made for record-
ings from instruments other than the standard Wood-
Anderson, which is practically not used anymore. Be-
cause of these constraints,ML ismost suitable for earth-
quakes at moderate distances (Luckett et al., 2018), with
magnitudes between 3 and 5 (Hanks and Boore, 1984).
Other scales are based on the log of the amplitude

of a particular phase. The most common are the body
wavemagnitude, mB (Gutenberg, 1945a), based on body
waves with periods of 1-10s, and the surface wave mag-
nitude, MS (Gutenberg, 1945b), based on 20s surface

waves (Gutenberg and Richter, 1956). These magnitude
scales are used mostly for teleseismic (global) earth-
quakes. MS strictly measured around 20s is not appro-
priate for magnitudes greater than 7 or 8 (Di Giacomo
et al., 2015; Bormann et al., 2009) because the ampli-
tude of 20s period waves does not increase as the rup-
ture length increases beyond 60 km (Kanamori, 1978).
However, broadband MS suffers less from saturation
and deviates from Mw only for tsunami earthquakes
(Kanamori, 1972) and ~M9 earthquakes (Di Giacomo
and Storchak, 2022). The mB magnitude was progres-
sively replaced by many observatories of the “western
world”with the 1s periodbodywavemagnitudemb (Bor-
mann and Saul, 2008). Although mb worked well for
the purpose of monitoring nuclear tests, its qualities
as far as the moderate-to-large earthquakes are con-
cerned were inferior to those of the original mB (Stor-
chak et al., 2015). The short-period mb usually presents
extensive scatter (Di Giacomo et al., 2015) and performs
best with distant small-to-moderate earthquakes, with
magnitudes between 4 and 6 (Gasperini et al., 2013).
One scale of magnitude that is independent of am-

plitude is the coda duration magnitude, which is based
solely on the duration of the seismic signal. Com-
mon notations found in the literature include Md, MD,
MC. Coda duration magnitude is intended for locally-
recorded events, where the various reflected and re-
fracted phases are notwell separated and instead forma
prolonged coda following the initial phase arrivals. The
amplitude of the coda diminishes as the reflected and
refracted phases attenuate; the larger the initial waves,
the longer the duration of the observable coda. It is thus
sensitive to the signal-to-noise ratio (Del Pezzo et al.,
2003). Although this magnitude scale requires no am-
plitude calibration, it does require empirical calibration
of event durations, as well as corrections for distance
and event depth. Most agencies have calibrated these
parameters so that their product matches the observed
values of ML (Eaton, 1992). As a result, often Md and
ML values are heavily correlated. One potential arti-
fact is that coda duration magnitudes may be biased to-
wards larger magnitudes during aftershock sequences
or other times of intense seismicity, as additional earth-
quakes may occur within the coda of the first event and
lengthen it.
The moment magnitude scale, Mw (Hanks and

Kanamori, 1979), is based on the log of the seismic mo-
ment (M0) which can be directly derived by fitting a
double couple moment tensor solution to the recorded
earthquake waveforms (Dziewonski et al., 1981), rather
than from just the single amplitude of a particular
phase at a particular frequency. Alternatively, for well-
recorded earthquakes, the moment can be estimated
from a finite source model of the earthquake. Because
of that, Mw lacks saturation effects, which makes it the
most suitable scale formany practical applications. The
moment magnitude is the standard practice when it
comes to seismic hazard assessment studies, i.e. both
the activity rates and the ground motion models (Dan-
ciu et al., 2016) should be defined in terms of Mw. Un-
fortunately, Mw has been routinely calculated for large
earthquakes worldwide only since the beginning of the
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Global CentroidMoment Tensor (GCMT) catalog in 1976
(Dziewonski et al., 1981). Therefore, all smaller or older
earthquakes have to be converted to Mw empirically
based on conversion relations from other magnitude
scales. The magnitude scale that correlates best with
Mw within the crucial magnitude range for seismic haz-
ard assessment, i.e. 4<M<7, is Ms (Kanamori, 1983).
That said, solutions in Ms are extremely rare in our
study region (available for only 1% of the events). The
most popular scales are ML (74%) and Md (42%), which
are very sensitive to agency-specific calibrations, and to
a lesser extent mb (8%).

4.2 Methodology
4.2.1 Regression methods and magnitude uncer-

tainty

To derive appropriate relations between twomagnitude
types, say GII Md and GCMT Mw, one should first iden-
tify which events are available in both types, plot the re-
ported values (in pairs) and derive a best-fit curve using
regression analysis. Once defined, one can thenuse this
conversion relation to transform any other Md estimate
of GII to a proxy Mw, assumed equivalent to the stan-
dardized estimates of GCMT, in this case.
We should note that in the literature, the terms “mag-

nitude scale” and “magnitude type” are often used inter-
changeably. We, however, herein define the latter term
as the property of the magnitude that describes both its
scale and the agency that originally computed it.
In the past, the fitting of the magnitude pairs was

usually carried out using standard least squares regres-
sion (SR), often without explicit note (e.g. Papazachos
et al., 1997; Scordilis, 2006; Yadav et al., 2009). In this
approach, the vertical offsets to the best-fit curve are
minimized, with the independent variable (in our ex-
ample GII Md) being assumed error-free. The latter
does not hold for magnitude estimates that are prone
to both random and systematic errors, limiting the ap-
plicability of SR for magnitude conversions (Stromeyer
et al., 2004; Gasperini et al., 2015). According to Castel-
laro et al. (2006), the application of SR may induce
bias of around 30% when later deriving the b-value
of the Gutenberg-Richter distribution (Gutenberg and
Richter, 1956). Hence, they note that observed varia-
tions in b-values may be to some extent an artifact of
improper catalog data processing (Musson, 2012; Shelly
et al., 2021).
Orthogonal regression (OR) has been proposed as a

more appropriate technique to deal with least-squares
problems inwhich dependent (y) and independent vari-
ables (x) are both considered to have some finite error.
In its general form, it minimizes the weighted orthog-
onal distance to the best-fit curve (Madansky, 1959; Pu-
jol, 2016). The weighted scheme is dictated by the er-
ror variance ratio (η) between the two variables. For
η equal to unity, Castellaro and Bormann (2007) intro-
duced the term Particular Orthogonal least-squares Re-
gression (POR), which we adopted. POR minimizes the
offsets perpendicular to the best-fit curve, eliminating
any weighting scheme (η = 1). Thus, the resulting re-
lations, contrary to the ones based on SR, can be in-

verted. As an alternative to OR, Stromeyer et al. (2004)
and Krystek and Anton (2008) proposed the chi-square
maximum likelihood regression (CSQ) and weighted to-
tal least squares (WLS), respectively. Lolli andGasperini
(2012) showed that, under the common assumption that
only the variance ratio η is known or assumed, all three
methods are substantially equivalent.
We should note that, in general, the error in Mw

is generally smaller than the error in the older scales
(Gasperini et al., 2015), meaning that, when converting
any scale to Mw, η is smaller than 1. This implies the
following:

• setting η equal to 1 is certainly an approximation,
but probably not a rough one, since Di Giacomo
et al. (2015) did not observe improvements when
they tried weighting schemes and quantile regres-
sion;

• OR is in most cases more suitable than SR for
conversion to Mw, since Castellaro and Bormann
(2007) demonstrated that SR provides better esti-
mates compared to OR only when η0.5 > 1.8.

The effect that the regression algorithm can have on
the fitted curve is illustrated in Figure S1 of the sup-
plementary material. Overall, in recent years, POR has
been the de facto regressionmethod used inmagnitude
conversion studies globally (e.g. Di Giacomo et al., 2015;
Weatherill et al., 2016; Bormann et al., 2009; Nath et al.,
2016; Shahvar et al., 2013) and that is also another rea-
son why we adopted it.
Finally, the accuracy of older magnitude measure-

ments tends to be lower; given that larger errors lead to
a positive shift in the a-value that is proportional to the
square of magnitude errors (Tinti and Mulargia, 1985),
the seismic activity for older time intervals may spuri-
ously appear to exceedmore recent activity by a signifi-
cant margin. This effect may be, at least partly, respon-
sible for the often-claimed discrepancy between earth-
quake rates in recent and old catalogs.

4.2.2 Combining magnitude types to address
data scarcity

Direct moment magnitude estimates are available for
a limited number of events, resulting in a shortage of
data when deriving some conversion equations, espe-
cially at smallermagnitudes. To address this issue, seis-
mologists often perform regressions conditional only to
the magnitude scale, ignoring the sensitivity to the re-
porting agency. However, the calibration needed for
most magnitude scales depends on the instrument, soil
profile and processing techniques. Hence, the solution
might vary between agencies, even if the scale is com-
mon (e.g. Figure 5d). Regional scale is also an impor-
tant factor, since regression using local and global data
can lead to different fits (Figure S2).
In order to achieve a balanced trade-off, we devel-

oped the following procedure. For eachmagnitude type
(agency-scale) that has less than 200 of its data points
available in Mw or a magnitude range than spans less
than 3magnitude units, we check how it correlates with
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any other magnitude type that shares the same magni-
tude scale; if the common eventsweremore than 20 and
the root-mean-square orthogonal error (RMSOE) with
respect to the one-to-one diagonal (green dotted line
in Figure 4a) is smaller than 0.25, then the two magni-
tude types were grouped together, i.e. their values were
considered equivalentwhenperformingPOR (Figure 2).
We termed thismetric RMSOEy=x.We chose RMSOEy=x <
0.25 as threshold because:

• it is smaller than the averageRMSOEof the later de-
rived relations (Table 2), meaning that the decision
to group does not deteriorate the data scatter;

• it is equal to the largest RMSOEy=x among the most
common sources of original direct Mw values (Fig-
ure S3).

For the purposes of this procedure, two magnitude
scales were considered as potentially equivalent when
their first two letters were identical (e.g. MS, MS7). Ex-
ceptions to that rule were the scales ML, Md, MD, and
MC, which were also considered grouping candidates,
since the formulation of coda duration magnitudes is
usually calibrated using local magnitude values (Eaton,
1992). Solutions of unknown magnitude scale (M) were
checked against all scales.
Given the overall scarcity of original Mw values, we

had to merge different sources, following common
practices followed in magnitude-homogenization ef-
forts. Therefore, all available moment magnitude solu-
tions were assumed equivalent to the “true” Mw, with
the exception of MED-RCMT (Med-Net Regional Cen-
troid Moment Tensor; Pondrelli et al., 2011), which
showed 50% more scattering than any other source,
with a clear tendency to overestimate magnitudes be-
low5 (Figure S3a). The other sources of originalMw esti-
mates were consistently trending close to the diagonal,
when plotted against each other (Figure S3b-f).

4.2.3 Indicator for goodness of fit

Traditionally seismologists employ either expert opin-
ion or the dependent variable’s correlation coefficient
(Rx

2) to quantify the goodness of fit or to rank the avail-
able conversion equations. The closer Rx

2 is to 1, the
better the fit. This approach is valid, however, only
when the regression is standard least-squares (SR). For
orthogonal distance regression, Rx

2 is not strictly appli-
cable because the independent variable is not error-free
(Gasperini et al., 2015). Since we are using OR, we had
to find an alternative data-driven indicator for the good-
ness of fit. It should perform consistently well for all
sample sizes, functional forms, magnitude scales and
magnitude ranges. Following Bormann et al. (2007), we
selected the root of themean squared orthogonal errors
(RMSOE). The smaller the RMSOE, the better. Given the
wide range of magnitude pairs and the varying func-
tional forms (§4.2.4) considered, we corrected for sam-
ple size and complexity of the functional form:

RMSOEadj = RMSOE · (n − 1)
n − p − 1 (1)

where n is the sample size and p the number of free pa-
rameters. The applied correction is not novel, since it is
identical to the one commonly used for Rx

2.

4.2.4 Functional forms

The simplest and thus most frequently used functional
form to fit and apply is the linear case (e.g. Papazachos
et al., 1997). However, older magnitude scales satu-
rate at largermagnitudes due to their limited frequency
bandwidth. They also often underestimate magnitudes
below about 3, due to a disproportionate amount of
high-frequency attenuation along the path (Hanks and
Boore, 1984; Deichmann, 2006). The functional form
of the fitted curve should be able to capture both ten-
dencies. To that end, seismologists have employed bi-
linear models (e.g. Scordilis, 2006), quadratic polyno-
mials (e.g. Grünthal et al., 2009, their eq. 3), exponen-
tial models (e.g. Di Giacomo et al., 2015) or even more
complex forms (e.g. Grünthal et al., 2009, their eq. 6).
Adding free parameters (ci) increases both the adapt-
ability of the functional formand thedatapoints needed
to constrain the fit. We experimented with all the above
formulations, plus cubic polynomials and power-law
models, and concluded that the most likely candidates
for our dataset were:

• two-parameter linear model, y = c1*x + c2;

• three-parameter exponential model, y = e(c3 + c4*x) +
c5;

• three-parameter power-law model, y = c6*xc7 + c8.

A bi-linear model was not selected, because it intro-
duces a discontinuity point in the relations where the
uncertainty is hard to map (Di Giacomo et al., 2015).
The standard linearmodel cannot capture saturation or
inverse-saturation effects, and thus it usually performs
well only when the magnitude range of the data points
is between 4 and 6. The other two models are more
flexible, since they are able to capture both linear and
non-linear trends. They can present, however, unrea-
sonably curved shapes when extrapolated outside the
magnitude range used for their calibration. That is why
we imposed c3 > -6, c6 > 0 and c7 < 3. For similar rea-
sons, we did not allow c1 to be smaller than 0.5 or larger
than 1.8. Furthermore, if the maximum magnitude of
the independent variable was smaller than 5, we im-
posed the linear fit as the preferred one. All three func-
tional forms were fitted to each magnitude type. The
one leading to the smallest RMSOEadj (Equation 1), given
the aforementioned constraints on the free parameters,
was the preferred one (Figure 2).

4.2.5 Magnitude range and saturation effects

Due to issues already discussed in section 4.1, we had to
discard magnitude values outside the frequency range
of the older magnitude scales, i.e. Ms<3, Ms>8, mb or
ML or Md>6.0, before performing POR (Figure 2). No
considerationsweremade regardingmB since our input
sources lack estimates for this scale. We also discarded
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data points where the difference between the two vari-
ables was larger than 1.5 as outliers (Figure 5d).
ML andMd calculations can either overestimate Luck-

ett et al. (2018) or underestimate (Deichmann, 2006) the
true size of events with Mw smaller than about 3, de-
pending on the agency-specific calibration. To avoid
having to visually examine each case, we relied again
on RMSOEadj (Equation 1). If an abrupt nonlinearity is
observed at the low end of the magnitude range, the
goodness of fit would deteriorate (increased RMSOEadj),
since the selected functional forms are not capable of
capturing a double asymptotic trend. This would indi-
cate that this magnitude type does not perform consis-
tently at lowmagnitudes, since it is calibrated for a lim-
ited frequency range. To check for this, we performed
each regression two times (Figure 2); once applying no
lower bound cut-off (Figure S4a) and once discarding
all data points whose independent variable (x axis) was
smaller than a threshold value Mt (Figure S4b). The
value of Mt was chosen based on the frequency sam-
pling behind eachmagnitude scale andwas 4 forMs and
3 formb orML orMd. Whichever case led to the smallest
RMSOEadj was preferred for the conversion of events of
magnitude larger than Mt.
Finally, the validity range of the derived conversion

equations is defined by the 1st and 99th percentile of
the independent variable, after the application of all the
above filters (Table 2). A schematic summary of the
fitting procedure described in sections 4.2.1 - 4.2.5 is
shown in Figure 2.

Group compatible scales §4.2.2  

For each mag. type 

Find Mw pairs

Remove outliers §4.2.5

For cut-off  magnitude: 0 or Mt §4.2.5

For each functional form §4.2.4

Perform POR §4.2.1

Choose best functional form §4.2.3

Choose best mag. range §4.2.3

Figure 2 Flowchart of the fitting procedure used in the
derivation of the conversion relations.

4.2.6 Application of conversion relations

The application procedure for the conversion relations
is illustrated in Figure 3. If at least one available magni-
tude type isMw, we select this value as the homogenized
magnitude. If multiple Mw are available for one event
we prioritize in descending order: CSEM, GII/IPRG,
Cyprus Geological Survey (NIC), Harvard University, US
Geological Survey (NEIC) and GCMT (Figure S3). This
hierarchy can bemodified by the user on a case-by-case
basis. Alternatively, the Mw reporting agencies can be
ranked based on increasing RMOSEy=x against the rest.

If an event is not available in Mw, we select the mag-
nitude type available for this event, whose conversion
relation has the lowest RMSOEadj (Equation 1), respect-
ing possible validity range constraints. If no relation
is applicable, we repeat this step overlooking the valid-
ity range, and the relation with the lowest RMSOEadj is
extrapolated to match the size of the event. If the lat-
ter is below the validity range, we ignore any potential
abrupt nonlinearity at low magnitudes and apply the
corresponding conversion relation derived without any
lower bound cut-off. If none of themagnitude solutions
has a conversion relation, then the median of the avail-
able magnitudes (regardless of scale) is used as proxy
Mw. For the homogenized events, we report the total
uncertainty around theMw estimate as σ =

√
σ2

y + σ2
meas,

where σy is the root of the mean squared (vertical) er-
rors of the conversion relation (withMw plotted on the y
axis) and σmeas is the measurement uncertainty accom-
panying the original magnitude scale. The latter was
provided only in the ISC data. Since PORminimizes the
perpendicular offsets and not the vertical ones, it leads
to larger σy compared to a SR withMw as the dependent
variable.

4.3 Results
4.3.1 Combining magnitude types of compatible

magnitude scales

The grouping procedure worked well, leading to mag-
nitude types of the same agency and of similar scale,
e.g. JSOML and JSOMLv, being identified as equivalent.
The acronyms used for each agency follow ISC’s nam-
ing scheme (http://www.isc.ac.uk/iscbulletin/agencies/).
Overall, ML and Md estimates coming from the same
agencywere frequently grouped, since their calibration
is interconnected (see §4.1). The procedure increased
the sample size of the fitted data points and expanded
the validity range of the derived equations (e.g. Fig-
ure 5d; S5a), without affecting their scatter. With the
grouping procedure enabled, the average number of
events behind each conversion increased by 40%, while
the mean RMSOEadj among all the derived conversion
relations remained unchanged.
RMSOEy=x performed well as an unsupervised indi-

cator, even in challenging situations. In Figure 4a, the
mb estimates of ISC and NEIC are close to the diag-
onal with reasonable scatter, resulting in RMSOEy=x <
0.25. On the other hand, in Figure 4b, RMSOEy=x is sig-
nificantly larger than the threshold we set, since even
though IPRGML and JSOML are centered around the di-
agonal, they present extensive scatter, with differences
up to 2 magnitude units. In both cases, blindly fit-
ting a single-parameter linear curve (solid black line in
Figure 4) would have misinformed us that the fit was
equally good.

4.3.2 Regression trends

The frequency-band limitations of each magnitude
scale (§4.1) were verified during our analysis. A lot of
the derived conversion relations display saturation ef-
fects above Mw 5 (e.g. Figure 5d; S5cd) and below Mw 3
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Figure 3 Flowchart describing the application of the derived conversion relations. Mrange is the validity range of the conver-
sion relation and Mi is the magnitude value of the event in the reported magnitude scale.

Figure 4 Correlating magnitude estimates from different agencies.

(e.g. Figure S5b). Hadwe not tested for the lower bound
cut-off at M 3, most of the fitted functional forms would
have been nonlinear (Figure 5ac; S4). For large sam-
ple sizes, our two nonlinear fits present similar shapes
that differ a lot from the linear curve if extrapolated
outside the fitted magnitude range (Figure 5cd). We
did not come across magnitude types that underesti-
mate larger magnitudes while overestimating smaller

ones. Datasets containing such a trend could benefit
from third-degree polynomial fitting.

The conversion relations that were most frequently
used when homogenizing the original magnitude es-
timates in the various catalogs (Figure 5; S5) present
reasonable scatter around the diagonal, except for JSO
ML which does not correlate well with Mw (Figure S5d).
Even though the ISC Bulletin includes dozens of magni-
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Figure 5 Derived conversion relations for four of the most commonmagnitude types. The functional form with the lowest
RMSOEadj is plotted as a solid curve.

tude types, only 10 were needed to homogenize almost
every event (Table 2).

4.3.3 Comparison with other already homoge-
nized catalogs

Regarding the proxy Mw values already present in our
input catalogs, ISC-GEM used OR (Di Giacomo et al.,
2015) and EMME probably used SR (since they are re-
porting Rx

2 values). Within our case study region,
the vast majority of EMEC’s events originate from Pa-
paioannou (2001) and Abdallah et al. (2004). Papaioan-
nou (2001) reports momentmagnitudes, which are con-
verted mostly using the equations of Papazachos et al.
(1997), who used SR. As a result, Papaioannou (2001)’s
proxyMw values do not agree well with the correspond-
ing Mw values from Moment Tensor Solutions (Gruen-
thal and Wahlstroem, 2012). Abdallah et al. (2004) re-
port ML, for which CENEC derived a conversion equa-
tion to convert to Mw, employing CSQ. With all of that
in mind, the significant scatter in the proxy Mw val-
ues developed in this study, when compared mainly to
EMME’s and EMEC’s (Figure 6) should be expected.

5 Mergingmultiple catalogs

The first step towards building a unified catalog is to
identifywhich seismic events are included inmore than
one catalog, i.e. duplicates. Usually, each input cata-
log has its own scheme for assigning a unique identi-
fier (ID) to each event, thusmaking the identification of
common events non-trivial and the use of a “duplicate
finding” algorithm a necessity. This generally takes the
form of a window-searching algorithm by which mul-
tiple representations of the same event are identified
due to their proximity in space, time, and, occasionally,
magnitude. The configuration of these windows (mar-
gins) and the quality of the information provided by
the catalog will greatly influence the possibility of mis-
assigning duplicates (Weatherill et al., 2016). One of
themost common pitfalls are inaccuracies in the earth-
quake’s origin time. For example, EMEC (Gruenthal and
Wahlstroem, 2012) systematically provides origin times
down to minutes (and not seconds). The electronic ver-
sions of the catalogs fill in empty entries ofmissing time
information (e.g. second) with zeros. Finally, a bulletin
might report local time and not Coordinated Universal
Time (UTC) or use a non-standard geographical coordi-
nate system.
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Magnitude type Relation Validity range RMSOE σy (RMSE) Data-points Region
GII ML y=1.02x-0.21 3.0 ≤ x ≤ 5.5 0.21 0.30 478 Israel
GII Md y=0.99x-0.12 3.0 ≤ x ≤ 5.5 0.19 0.27 213 Israel
IPRGmb y=0.14x2.17+0.64 4.0 ≤ x ≤ 5.8 0.17 0.34 288 Israel
CSEM ML y=0.22x1.76+1.22 3.0 ≤ x ≤ 5.1 0.18 0.27 1151 Euro-Med.
CSEMmb y=e-0.53x+0.40+0.75 3.3 ≤ x ≤ 5.8 0.25 0.41 467 Euro-Med.
GRAL Md y=1.43x-1.98 3.0 ≤ x ≤ 5.1 0.21 0.37 232 Lebanon
NIC ML y=0.16x1.99+1.37 3.0 ≤ x ≤ 4.9 0.18 0.26 1125 Cyprus
SNSN ML y=e0.49x+0.23-0.16 2.1 ≤ x ≤ 5.2 0.24 0.31 143 Saudi Arabia
RYD Md y=e0.29x+0.29-0.53 3.0 ≤ x ≤ 5.3 0.19 0.30 587 Saudi Arabia
JSO ML y=1.30x-1.92 3.1 ≤ x ≤ 5.9 0.37 0.61 94 Jordan

Table 2 Derived conversion relations for the ten most commonmagnitude types.

Figure 6 Comparison of proxy Mw values computed by this study, with the ones derived by either EMEC (a) and EMME (b).

Figure 7 Temporal trend of the absolute differences among ISC’s contributing agencieswith respect to ISC’s prime solution
in terms of (a) origin time and (b) location. Red lines indicate the 5 to 95 percentile range; the black line indicates themedian
(50th percentile).

To ensure best practice, the compiler should adopt
margins that are larger than the uncertainty of the
methods and models used by the agencies (Schweitzer,
2006). That said, an algorithm with overestimated mar-
gins might mistakenly flag clustered events (fore/after-
shocks) as duplicates. To address this trade-off, re-

searchers oftendefinemargins that are bulletin-specific
or variable with time (e.g. Wang et al., 2009). For the
analog era, when the data were sparser, it is likely that
wider time/space windows are needed. Some studies
even resort tomanual inspection for the few largermag-
nitude events that have a greater impact on the hazard
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estimates (e.g. Beauval et al., 2013).
Most modern unified catalogs either do not clearly

state their criteria for identifying the duplicate events
or choose arbitrary values based more on expert opin-
ion than data-driven analysis. The chosen margins for
instrumental catalogs vary significantly, on the order of
10-120 seconds and of 30-100 km (e.g. Wang et al., 2009;
Faeh et al., 2011; Beauval et al., 2013; Poggi et al., 2017),
while the magnitude is rarely used as a deciding factor.

5.1 Relevance of the magnitude scale when
merging catalogs

The order in which the compiler will do the merging
and the magnitude homogenization is not always fixed.
If the compiler chooses to discard the magnitude as
a criterion for the identification of duplicates and has
great confidence in the selectedmargins for origin time
and location, then one could firstmerge all catalogs into
one, storing all magnitude solutions for each unique
event, and then perform the magnitude homogeniza-
tion. This way, the compiler ends up with more magni-
tude solutions per event, hence more potential magni-
tude pairs to derive the conversion relations. We, how-
ever, preferred to do the opposite: first homogenize all
sources inMw (using themagnitude solutions of ISC and
GII), and then merge all datasets utilizing the event’s
size to constrain the duplicate finding algorithm. One
reason to do that is that when one relies on earthquake
solutions alone (no stations data), it is often impossible
to distinguish a fore/aftershock from a duplicate, even
if the margins are ideally selected. Our main concern
was not to contaminate the derivation of the magnitude
conversion relations with any artifacts that the merg-
ing process might introduce. For example, events of
the same earthquake sequence can be misidentified as
duplicates, mixing up incompatible solutions as magni-
tude pairs for the regression.

5.2 Methodology

We aimed at deriving bothmargins (i.e. origin time and
location difference) based on the trends we observe in
the actual data used in this study, minimizing the need
for expert opinion. To do that, multiple solutions for
the same event are needed in order to calculate the dis-
crepancy in the data. The ISC Bulletin reports for each
event available parametric solutions from all contribut-
ing agencies, as well as a “prime” set, which accord-
ing to ISC describes best the reviewed event. This rich
database enables the statistical analysis of the discrep-
ancy in the solutions, either between agency-pairs or in
comparison to ISC’s proposed “prime” solution. We did
the latter, assuming that ISC’s origin solutions were the
most accurate, since they are derived using the richest
available dataset. Although this is a valid assumption in
terms of epicenter and origin time, local velocity mod-
els from regional networks often lead to more accurate
depth estimates. We did not use the depth as a criterion
for duplicate finding, however.
For our case study region (and for most of the world),

ISC’s IASPEI Seismic Format (Storchak, 2006) files are

sufficient to deduct data-drivenmargins for all of the in-
put catalogs and bulletins. GII and EMSC are contribut-
ing agencies to ISC, while ISC-GEM, IRIS, EMME and
EMEC are compiled using mainly ISC data in the first
place. Hence, using only the ISC Bulletin, we were able
to derive margins that are suitable for all our input cat-
alogs.
The performed statistics do not have to be complex.

Once the distribution of differences is established, the
compiler can pre-define a percentile-based value to be
used as the margin for duplicate-finding. If the differ-
ences in time, space, and (optionally) magnitude solu-
tions between two events fall within these data-driven
margins, then a duplicate is flagged. We chose to use
the 95th percentile as threshold for the definition of the
margins in the duplicate-finding algorithm. The chosen
percentile was large enough to ensure that the margins
cover the modeling uncertainty in the computed solu-
tions, yet small enough to discard unreasonably large
outliers that are often observed possibly due to logging
errors or miscalculations.
When two events in different catalogs are identified

as duplicates, one should decide which parametric in-
formation describe the event best. A hierarchy must be
defined in advance to dictate this process. Regarding
the origin time and location, this hierarchy is usually
pre-defined by the compiler based on the following con-
siderations:

• ISC-GEM has re-assigned origin times, epicen-
ters and hypocenters to moderate-to-large mag-
nitude events after 1900, following clearly docu-
mented up-to-date methods (Di Giacomo et al.,
2015). Hence, ISC-GEMwas considered as themost
reliable source of parametric information.

• ISC collects and reviews the most comprehensive
dataset of both raw and parametric seismic data
for each event. As a result, the solutions they rec-
ommend or originally compute are highly credible.
EMSC does a similar job having, however, fewer
contributing agencies.

• Local agencies close to the epicenter are more
likely to have a detailed velocity model for the re-
gion and higher network density, when compared
to global agencies.

• The level of accuracy in date and time is also an im-
portant factor. For example, EMEC provides origin
times down tominutes (and not seconds), while GII
reports seconds with consistency only after 1983.

• Compilations providing unclear documentation
regarding their merging procedure and original
sources should not be favored.

• The regressionmethods used in the magnitude ho-
mogenization process (§4.2.1) should be taken into
account when ranking magnitude estimates.

• Bulletins reportingmore than onemagnitude solu-
tion provide greater flexibility in selecting themost
suitable conversion equation (§4.2.6).
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Figure 8 Trend of absolute differences among ISC’s contributing agencies with respect to ISC’s prime solution withmagni-
tude; (a) origin time and (b) location. Red lines indicate the 5 to 95 percentile range; the black line indicates themedian (50th
percentile).

Our preferred hierarchy regarding the proxyMw was:
ISC-GEM; ISC; IRIS; GII; EMSC; EMEC; EMME (§4.3.3),
prioritizing our conversion relations over EMME’s and
EMEC’s, and acknowledging the flexibility that themul-
tiple magnitude solutions in the ISC Bulletin provide.
Regarding the time and location solutions, our pre-
ferred hierarchy (Figure S3) was: ISC-GEM; ISC; EMSC;
GII; IRIS; EMME; EMEC, prioritizing the reviewed relo-
cations of ISC, GII and EMSC. The merging process is
sequential, i.e. we are always looking for duplicates be-
tween two catalogs only. Themargins are tested against
the difference of the catalog that is being merged with
the preferred solution among all the catalogs that have
already been unified.

5.3 Results
5.3.1 Variability in origin time and location solu-

tions within ISC

The vast majority of absolute differences in origin time
among ISC’s contributing agencies with respect to ISC’s
prime solution are less than 10s, with 9.5s being 95th
percentile (Table S1). That said, outliers of more than
two minutes also exist, perhaps due to a zero value be-
ing added when a measurement of seconds is not avail-
able. As far as location is concerned, the vast majority
of the differences is less than 100 km, with 85 km being
the 95th percentile (Table S1). Observed differences, in
the order of 500-1000 km,were attributed to input errors
(typos).
Figure 7 demonstrates that the median annual differ-

ences in origin time and location are decreasing with
time, probably due to increasingnumber of stations and
improved velocity models (Bondar et al., 2015). That
said, after 1985, namelywhenmost nearby national net-
works were set up, the differences appear to be rela-
tively stable with time.
Figure 8 shows that the differences in origin time and

location are increasing with magnitude, with a 2-fold
increase between magnitudes below 3 and magnitudes

above 4. Moderate-to-large events are usually also cov-
ered by more distant networks with large-scale veloc-
ity models and looser azimuthal coverage. That could
explain these observations. One would also expect de-
creasing uncertainty in the location with decreasing
rupture size (Kagan, 2003).
Figure 9 shows that the deviation from ISC’s prime so-

lutions is largely agency-dependent. Interestingly, na-
tional agencies nearby (e.g. JSO) do not perform consis-
tently better than teleseismic ones (e.g. NEIC), as one
would expect (Bondar et al., 2004). Nevertheless, when
looking at the origin time differences of the most im-
portant agencies for the case study area, the 90th per-
centile is usually less than 5s and always less than 10s,
in agreement with previous studies (e.g. Bondar et al.,
2004, 2015). On the other hand, the variability in the epi-
central location is higher than expected (Bondar et al.,
2015), with the 90th percentile being rarely below 30 km.

5.3.2 Parametric windows for duplicate identifi-
cation

We utilized the absolute differences among agencies
with respect to ISC’s prime solution as a data-driven
proxy for the definition of parametric windows during
the duplicate identification. We defined themargins for
location and origin time as the 95th percentile of the
aforementioned deviation. We used the values of the
second and third column of Table S1 as margins for the
instrumental events after 1964, i.e. 10s and 85 km (Ta-
ble 3). Special attention was paid to specific limitations
in the input catalogs. In particular, EMEC does not re-
port seconds for any event, while GII reports seconds
only after 1983. Therefore, this margin should be ad-
justed to 2minutes and these catalogs should be the last
ones merged. For the events before 1964 there is not
enough data to do any sort of statistical analysis (Fig-
ure 7) and thus expert opinion cannot be avoided. We
used 30 minutes and 100 km as margins for that time-
period (Poggi et al., 2017).
Additional levels of complexity could be added. One
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Figure 9 Agency-specific statistics on deviation from ISC’s prime solution: (a) origin time; (b) epicenter.

Figure 10 Density of earthquake magnitudes with time for the homogenized catalog.

could make the margins magnitude-dependent, to cap-
ture the trends shown in Figure 8 or use tighter post-
1964 and post-1983 margins when merging the ISC Bul-
letin with CSEM and their product with GII respectively
(Table S1).

6 Catalog overview

The unified catalog contains 25000 time-stamped
hypocenters between 1900 and 2017, of which more
than 5500 events have moment magnitude Mw larger
than 3. It is available in electronic format online
(Grigoratos et al., 2023). We also report the preferred
original sources for the origin andmagnitude solutions,
the measurement uncertainty behind the original mag-
nitude estimate, and the total magnitude uncertainty
after conversion. Moment tensor solutions were avail-
able for only a quarter of the events, while the rest
had magnitude solutions that needed conversion to
Mw. The average conversion uncertainty (σy) was 0.3
and none of the events required extrapolation of the
derived conversion relations. For only 3% of the events,
none of their magnitude solutions could be associated

with a conversion relation and thus the median of their
original magnitudes is reported.
Most of the events in our catalog are post-1983 (Fig-

ure 10), coinciding with the development of the first
local networks along the DSTFZ, by Israel and Jordan.
The foundation of ISC in 1964 had already expanded the
magnitude range of the cataloguing below magnitude
5.5, while also improving the reliability of the location
solutions. That said, about 7% of the events in the uni-
fied catalog were not reported by the ISC Bulletin (Table
S2).
One third of the events in our catalog, including the

1995Mw 7.2 rupture, are found in theGulf of Aqaba (Fig-
ure 11), in contrast to the low seismic activity reported
there in the previous millennium (Figure 1) (Grigoratos
et al., 2020). On the other hand, the many large histori-
cal earthquakes in the segments north of the Dead Sea
lake have not been followed by similar levels of activ-
ity in recent decades. Finally, the cluster of post-1985
seismicity east of the DSTFZ, in south Jordan (Latitude
~30; Figure 11), is most likely related to potash mines
(Rodgers et al., 2003). Groundwater extraction is also
linked to a few clusters in and around Lake Kinneret
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Margin
Time period Origin-time Epicenter Mw

1900-1963 30 minutes 100 km 1 unit*

1964-2018 10 seconds** 85 km 1 unit*
*2 units when merging EMEC or EMME (see Figure 1)
**2 minutes when merging EMEC or pre-1983 GII events

Table 3 Margins used in the duplicate finding algorithm.

Figure 11 Homogenized catalog of earthquakes with Mw≥3 between 1900 and 2017. The black lines indicate main faults
along the DSTFZ (Grigoratos et al., 2020).

(Sea of Galilee; Shalev et al., 2023). Although we cannot
exclude other instances of anthropogenic seismicity, we
are not aware of other established cases.

We should specify that the catalog has not been
declustered and the spatio-temporal variation of the
magnitude of completeness of the catalog has not been
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assessed. The targetmagnitudeofMw 3was chosen sim-
ply because it was viewed as a low enough value to aid
future derivations of the regional b-values.

7 Conclusions
The creation of a homogenized earthquake catalog is an
error-prone procedure that requires a goodunderstand-
ing of theheterogeneities among the available bulletins.
Common events within the bulletins have to be iden-
tified and assigned with the most suitable origin time
and location solution, while all the events have to be
harmonized into a single magnitude scale. This pro-
cess requires several decision variables that are usu-
ally defined using qualitative measures or expert opin-
ion, without a clear exploration of the associated un-
certainties. To address this issue in a more quantitative
way, we developed a framework, which can utilize mul-
tiple databases, such as the ISC Bulletin, to explore the
relations between earthquake solutions from different
seismic networks and agencies, in order to produce a
unified parametric earthquake catalog. The proposed
data-driven approach defines spatio-temporal margins
within which duplicate events fall and converts the var-
ious reported magnitudes into a common scale. Given
thedensity andgeographical coverage of ISC’s database,
we believe that the proposed methodology can be ap-
plied to a number of regions worldwide.
To that end, the MATLAB and Python scripts used in

this workflow have been made publicly available. We
applied them to the Dead Sea Transform Fault Zone and
derived a list of more than 5500 instrumental events
with Mw larger than 3. One third of the events in our
catalog, including the 1995Mw 7.2 rupture, are found in
the Gulf of Aqaba, in contrast to the low seismic activity
reported there in the previous millennium (Grigoratos
et al., 2020). On the other hand, the many large histori-
cal earthquakes in the segments north of the Dead Sea
lake have not been followed by similar levels of activity
in the last century.
As far as the magnitude homogenization is con-

cerned, the frequency dependence of the older magni-
tude scales was evident during our analysis. Most of
the derived conversion relations underestimate events
with Mw either below 3 or above 6. We introduced
the root of the mean squared orthogonal errors (RM-
SOE), corrected for sample size and number of free
parameters, as a metric to determine the magnitude
range of the regression, the fitted functional form, and
which of the available magnitude solutions is to be con-
verted to Mw. In cases where the data points for the
regression were limited, we further employed RMSOE
to determine whether magnitude estimates of similar
scale could be grouped together without alteration of
their underlying correlation with Mw. With the excep-
tion of JSO ML, all key magnitude types in the cata-
logs correlated reasonably well with Mw, given their
frequency-band limitations. The average conversion
uncertainty (σy) in our unified catalog was 0.3 magni-
tude units, which assuming a (mostly underreported)
measurement uncertainty of 0.2, results in an overall
uncertainty of about 0.36 behind each proxy Mw.

Having homogenized the magnitude of the events,
we then used a window-searching algorithm to iden-
tify multiple representations of the same event in the
various catalogs, based on their proximity in space and
time. We defined these two margins analyzing the dis-
crepancies in the solutions provided by ISC’s contribut-
ing members. The differences in origin time and loca-
tion are agency-dependent, and are generally decreas-
ing with time and decreasing magnitude. In the last 50
years, the solutions rarely deviate more than 10s or 85
km from ISC’s reviewed solution.
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