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Abstract

One third of the world’s population lives in areas where earthquakes causing at least slight
damage are frequently expected. Thus, the development and testing of global seismicity models
is essential to improving seismic hazard estimates and earthquake-preparedness protocols for
effective disaster-risk mitigation. Currently, the availability and quality of geodetic data along
plate-boundary regions provides the opportunity to construct global models of plate motion
and strain rate, which can be translated into global maps of forecasted seismicity. Moreover,
the broad coverage of existing earthquake catalogs facilitates in present-day the calibration and
testing of global seismicity models. As a result, modern global seismicity models can integrate
two independent factors necessary for physics-based, long-term earthquake forecasting, namely
interseismic crustal strain accumulation and sudden lithospheric stress release.

In this dissertation, I present the construction of and testing results for two global ensemble
seismicity models, aimed at providing mean rates of shallow (0-70 km) earthquake activity for
seismic hazard assessment. These models depend on the Subduction Megathrust Earthquake
Rate Forecast (SMERF2), a stationary seismicity approach for subduction zones, based on the
conservation of moment principle and the use of regional "geodesy-to-seismicity" parameters,
such as corner magnitudes, seismogenic thicknesses and subduction dip angles. Specifically,
this interface-earthquake model combines geodetic strain rates with instrumentally-recorded
seismicity to compute long-term rates of seismic and geodetic moment. Based on this, I derive
analytical solutions for seismic coupling and earthquake activity, which provide this earth-
quake model with the initial abilities to properly forecast interface seismicity. Then, I integrate
SMERF2 interface-seismicity estimates with earthquake computations in non-subduction zones
provided by the Seismic Hazard Inferred From Tectonics based on the second iteration of the
Global Strain Rate Map seismicity approach to construct the global Tectonic Earthquake Ac-
tivity Model (TEAM). Thus, TEAM is designed to reduce number, and potentially spatial,
earthquake inconsistencies of its predecessor tectonic earthquake model during the 2015-2017
period. Also, I combine this new geodetic-based earthquake approach with a global smoothed-
seismicity model to create the World Hybrid Earthquake Estimates based on Likelihood scores
(WHEEL) model. This updated hybrid model serves as an alternative earthquake-rate ap-
proach to the Global Earthquake Activity Rate model for forecasting long-term rates of shallow
seismicity everywhere on Earth.

Global seismicity models provide scientific hypotheses about when and where earthquakes
may occur, and how big they might be. Nonetheless, the veracity of these hypotheses can only
be either confirmed or rejected after prospective forecast evaluation. Therefore, I finally test
the consistency and relative performance of these global seismicity models with independent
observations recorded during the 2014-2019 pseudo-prospective evaluation period. As a result,
hybrid earthquake models based on both geodesy and seismicity are the most informative
seismicity models during the testing time frame, as they obtain higher information scores than
their constituent model components. These results support the combination of interseismic
strain measurements with earthquake-catalog data for improved seismicity modeling. However,
further prospective evaluations are required to more accurately describe the capacities of these
global ensemble seismicity models to forecast longer-term earthquake activity.



Zusammenfassung

Ein Drittel der Weltbevolkerung lebt in Gebieten, in denen haufig Erdbeben mit zumindest
geringen Schéden zu erwarten sind. Daher ist die Entwicklung und das Testen globaler Seis-
mizitdtsmodelle fiir verbesserte Schitzungen der Erdbebengefihrdung und Planungen zur Vor-
bereitung auf Erdbeben fiir eine wirksame Minderung des Katastrophenrisikos von entschei-
dender Bedeutung. Derzeit bietet die Verfiigharkeit und Qualitiat geodéatischer Daten entlang
der Plattengrenzregionen die Gelegenheit, um globale Modelle der Plattenbewegung und der
Dehnungsrate zu erstellen, die in globale Karten der prognostizierten Seismizitét iibersetzt wer-
den koénnen. Dariiber hinaus erleichtert die breite Abdeckung bestehender Erdbebenkataloge
in der heutigen Zeit die Kalibrierung und das Testen globaler Seismizitdtsmodelle. Infolgedes-
sen konnen moderne globale Seismizitdtsmodelle zwei unabhangige Faktoren integrieren, die
fiir eine physikbasierte Langzeit-Erdbebenvorhersage erforderlich sind, die Ansammlung inter-
seismischer Krustenverformungen und die plotzliche Freisetzung von lithosphérischem Stress.

In dieser Dissertation stelle ich die Konstruktion und die Testergebnisse fiir zwei globale
Ensemble-Seismizitatsmodelle vor, die darauf abzielen, mittlere Raten der Flachbebenaktivitat
(0-70 km) fiir die Bewertung der Erdbebengefahrdung bereitzustellen. Diese Modelle hdngen
von dem Subduction Megathrust Earthquake Rate Forecast (SMERF2) ab, einem stationéren
Seismizitatsmodell fiir Subduktionszonen, das auf dem Prinzip der Erhaltung des Moments
und der Verwendung regionaler "Geodéasie-zu-SeismizitatParameter wie Corner Magnitudes,
seismogene Dicken und Subduktionsneigungswinkel basiert. Insbesondere kombiniert dieses
Erdbebenmodell geodéitische Dehnungsraten mit instrumentell aufgezeichneter Seismizitéit, um
Langzeitraten sowohl des seismischen als auch des geodétischen Moments zu berechnen. Auf
dieser Grundlage leite ich analytische Losungen fiir die seismische Kopplung und Erdbebenak-
tivitdt ab, um mit diesem Erdbebenmodell, die Subduktionseismizitit richtig vorherzusagen.
Dann integriere ich SMERF2-Schatzungen an Subduktionsrandern mit Erdbebenberechnungen
in Nicht-Subduktionszonen, die von dem Modell SSeismic Hazard Inferred From Tectonics ba-
sed on the second iteration of the Global Strain Rate Mapfur Erstellung des globalen Tectonic
Earthquake Activity Model (TEAM) bereitgestellt werden. Daher ist TEAM darauf ausgelegt,
die Anzahl und moéglicherweise raumliche Vohersageinkonsistenzen seines tektonischen Erdbe-
benvorgidngermodells im Zeitraum 2015-2017 zu reduzieren. Auflerdem kombiniere ich dieses
neue geodétische Erdbebenmodell mit einem globalen, gegliatteten Seismizitdtsmodell, um das
World Hybrid Earthquake Estimates based on Likelihood Scores (WHEEL)-Modell zu erstel-
len. Dieses aktualisierte Hybridmodell dient als alternativer Ansatz zum Global Earthquake
Activity Rate (GEAR1)-Modell zur Vorhersage langfristiger Raten flacher Seismizitét iiberall
auf der Erde.

Globale Seismizitatsmodelle liefern wissenschaftliche Hypothesen dariiber, wann und wo Erd-
beben auftreten kénnen und wie grof3 sie sein konnen. Die Richtigkeit dieser Hypothesen kann
jedoch erst nach prospektiven Tests bestatigt oder abgelehnt werden. Daher teste ich abschlie-
Bend die Konsistenz und relative Leistung dieser globalen Seismizitatsmodellen gegen unabhén-
gige Beobachtungen, die wiahrend des pseudo-prospektiven Evaluierungszeitraums 2014-2019
aufgezeichnet wurden. Hybride Erdbebenmodelle, die sowohl auf Geodasie als auch auf Seis-
mizitdt basieren, sind die informativsten Seismizitdtsmodelle wihrend des Testzeitraums, da
beide hohere Informationswerte als ihre konstituierenden Modellkomponenten erhalten. Diese
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Ergebnisse unterstiitzen die Kombination von interseismischen Dehnungsmessungen mit Erd-
bebenkatalogdaten fiir eine verbesserte Seismizitatsmodellierung. Es sind jedoch weitere pro-
spektive Tests erforderlich, um die Kapazititen dieser globalen Ensemble-Seismizitatsmodelle
zur Vorhersage langerfristiger Erdbebenaktivitdten genauer zu bewerten.
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Introduction

1.1 Motivation

Earthquakes are the most devastating natural disasters (see Fig. 1.1), as 2.7 billion people, i.e.
more than a third of the world’s population (Roser et al., 2020), live in areas where seismicity
causing at least slight damage is frequently expected (Marti et al., 2019). During the twentieth
century, an annual rate of approximately 9000 fatalities was associated with the occurrence of
earthquakes worldwide. More recently, 46000 casualties, along with an economic loss of 8 billion
US dollars, have been annually derived from these low-frequency, high-impact events (Ritchie
and Roser, 2014). By taking into consideration the global population growth observed since
the industrial revolution, these numbers indicate that the world has increased its earthquake
resilience over time, primarily due to the influence of science and technology on the development
of modern societies. In particular, the premise that earthquakes do not cause fatalities, but
rather unsafe infrastructures, has encouraged both the earthquake and engineering community
to further minimize casualties and losses through, among others, improved seismicity modeling.

. B o r +r * * *
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[— [ ] e —
0 20 50 100 200 400 700
Earthquake depth (km)

Abbildung 1.1: Map showing more than 28,000 earthquakes listed in the 1904-2014 International Seismological
Centre-Global Earthquake Model (ISC-GEM) historical and instrumentally-recorded seismicity catalog.
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Seismicity models are descriptions of earthquake activity, aimed at forecasting the rate, lo-
cation, magnitude, confidence level and probability of occurrence of future earthquakes (Allen,
1976; Geller, 1997). Given a reliable earthquake forecast, societies have the opportunity to
better design resilient buildings, and share their risk through insurance and other types of di-
saster preparedness (Bird and Kreemer, 2015). Thus, earthquake-rate models currently form
one of the key ingredients for Probabilistic Seismic Hazard Analysis (PSHA; Cornell, 1968;
Esteva, 1968), which extends the field of earthquake forecasting into the domain of ground
motion modeling. The Global Seismic Hazard Map (GSHAP; Giardini et al., 1999), for instan-
ce, is based on a global seismicity model constructed from historical earthquake descriptions
(pre-1900), instrumentally-recorded seismicity (1900-1999) and earthquake-source information.
Traditionally, seismicity models are mainly based on the extrapolation of past earthquakes to
the future and the characterization of specific seismic sources in terms of their geometries and
slip rates. Broadly speaking, these models compute rates of forecasted seismicity by assuming
the frequency-magnitude distribution of observed earthquakes to follow for example a charac-
teristic earthquake behavior or a Gutenberg and Richter (1944) model. In addition, seismicity
rates are constrained by estimates of corner magnitude, or upper magnitude limits, usually de-
rived from earthquake records and paleoseismological studies. Three major limitations of this
approach, however, are a) that seismicity catalogs are too short to include the largest possi-
ble earthquakes occurring along faults and plate boundaries (Bird et al., 2015), b) the scarce
availability and quality of tectonic-fault data, and ¢) the lack of a better understanding of the
physics of long-term earthquake forecasting.

a) Evidence from uplifted corals and tsunami deposits collected along the Pacific coast of
Tohoku indicate that the average return period of megathrust events as large as the 2011 m,
= 9.1 Tohoku-oki earthquake is approximately 1,000 years (Minoura et al., 2001). Similar-
ly, paleoseismological investigations of active faults distributed throughout the Trans-Mexican
Volcanic Belt, Mexico (e.g. Langridge et al., 2013; Sunye-Puchol et al., 2015; Ortuno et al.,
2019) suggest that mean recurrence times of m > 7 earthquakes in the region fluctuate between
two and fifteen thousand years. Hence, the observation time-window offered by historical and
instrumental seismicity catalogs, such as the Global Centroid Moment Tensor Project (CMT,
Dziewonski et al., 1981; Ekstrom et al., 2012) or the International Seismological Centre-Global
Earthquake Model (ISC-GEM, Storchak et al., 2013), turns out to be significantly shorter,
in comparison with the recurrence rates of big earthquakes. As a result, estimates of seismic
moment and forecasted seismicity may be either over- or underestimated, depending on the
inclusion or absence of large events within the calibration datasets. In other words, seismicity
models based on previous earthquake information may locally fail to forecast a representative
level of activity.

b) The study and compilation of active and potentially active faults is useful to overcome
the issue of seismicity-data sampling for long-term earthquake forecasting. The United States
national seismic hazard model (i.e. Petersen et al., 2015) exemplifies well the great impact of
fault characterization on the construction of seismicity models. Nevertheless, fault mapping is
yet restricted to a few active continental regions, and it is almost inexistent on several oceanic
floors (Bird and Kreemer, 2015).

c¢) The earthquake size distribution follows a power law, generally described by the Gutenberg-
Richter relationship (Ishimoto, 1936; Kagan, 1999). This observational frequency-magnitude
distribution, parameterized by the a- and b-values, has been commonly used as a statistical
tool to estimate the recurrence of small and large earthquakes. Over the last decades, temporal
and spatial variations in a and b have been extensively investigated to improve the predictabili-
ty of future earthquake hazards. Statistically-significant changes in b-values, for instances, have
been identified as precursors to big events (Smith, 1981), evidence of the fractal dimension of
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earthquakes (Hirata, 1989), and indicators of stress variations across different tectonic regimes
(Schorlemmer et al., 2005). Moreover, the seismicity level a has been found to empirically cor-
relate with the relative plate velocity (Bird et al., 2009; Ide, 2013). Thus, these observations
require physical descriptions that can better explain the causal mechanisms of global earthquake
production. Therefore, this doctoral thesis aims to provide analytical solutions for earthquake
activity, especially subduction megathrust seismicity, derived from the principle of conservati-
on of moment. Specifically, computations of forecasted seismicity are based on the long-term
balance of geodetic and seismic moment rates, obtained from interseismic strain measurements
and earthquake-catalog information.

1.2 Global earthquake modeling

1.2.1 Smoothed-seismicity modeling

Since the mid 1960s, the creation and operation of the World-Wide Standardized Seismograph
Network (WWSSN; Oliver and Murphy, 1971) allowed the acquisition of high-quality global
earthquake data to increase. Given the usual level of global seismicity, these data have been
used for various applications of observational seismology, such as the parameterization of seis-
mic sources from waveform inversions (Dziewonski et al., 1981) and the calibration and testing
of global earthquake-rate forecasts (Giardini et al., 1999). Long-term and short-term global
seismicity forecasts rely on global homogenized catalogs of earthquakes, whose hypocentral lo-
cations and moment magnitude estimates are selected from local and global seismicity bulletins.
Thus, the Kagan and Jackson (2011) Smoothed-Seismicity (KJSS) model uses the 1977-2008
global CMT catalog to average out the exceedance rates of 30,000 m > 5.8 earthquakes, and
smooths their locations with an anisotropic kernel function:

1 1

flr)y= - X R (1.1)

from which r is the epicentroid distance from the center of a grid cell to an earthquake and
rs = 2.5 km is a spatial scale parameter.
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Abbildung 1.2: Forecast map of m > 5.95, h < 70 km global earthquake rates, derived from the Kagan and
Jackson (2011) Smoothed-Seismicity (KJSS) model.
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Empirical normalization factors are then applied as weightings to each earthquake, so that
the total expected activity rate matches the total seismicity rate observed from the catalog.
As a result, KJSS provides earthquake rates per unit area, time and magnitude to describe
seismicity patterns worldwide (see Fig. 1.2).

1.2.2 Strain-based earthquake modeling

The theory of plate tectonics explains the kinematics of a set of rigid volumes of lithosphe-
re, referred to as tectonic plates. Plate boundaries, i.e. subduction zones, seafloor-spreading
ridges, continental rift areas and transform margins, cover approximately 15% of the Earth’s
surface (Gordon and Stein, 1992). Nevertheless, the most prominent seismic and volcanic ac-
tivity, as well as the greatest portion of crustal deformation, are globally confined to these
tectonic margins (Kreemer et al., 2002; Bird, 2003; DeMets et al., 2010). The increasing availa-
bility of geodetic measurements in plate boundary regions over the last decades has led to the
creation of high-resolution models of plate motion and strain rate, which can be translated in
present-day into global maps of forecasted seismicity. The Global Strain Rate Map (GSRM;
Kreemer et al., 2003) is a velocity-gradient tensor field and interseismic-strain model, with
a spatial resolution of 0.6° in longitude and 0.5° in latitude. This resolution stems from the
interpolation of approximately 5,200 horizontal interseismic Global Positioning System (GPS)
velocities, Quaternary fault slip rates and earthquake focal mechanisms. GSRM was designed
to support the creation of geodetic-based seismicity models, as interseismic strain rates imply
seismic-moment accumulation, and earthquakes indicate seismic-moment release (Scholz and
Campos, 2012). In addition, interseismic strain measurements can be used to quantify earth-
quake potential without the need to determine the geometry and slip rates of every seismic
source, as required by traditional earthquake-based models.

Authors like Kostrov (1974), Ward (1994) and Savage and Simpson (1997) were the pio-
neers to propose methods to relate geodetic strain rates with estimates of seismic moment.
Essentially, these methods assume that the long-term seismic moment of any deforming volume
of lithosphere linearly scales with interseismic strain rates. The proportionality relationship
between these physical quantities depends on geomechanical parameters, such as the seismic
coupling coefficient, the seismogenic thickness and the fault-dipping orientation. According to
the degree of coupling, or the fraction of geodetic moment that will be seismically released,
the seismic moment rate can then be related to rates of earthquake activity by assuming a
particular magnitude-frequency distribution. Bird et al. (2010) translated GSRM into a global
forecast of shallow (h < 70 km) seismicity at or above a moment or magnitude threshold m >
5.66. For this purpose, the modelers followed the hypotheses, equations and assumptions of
the Seismic Hazard Inferred from Tectonics (SHIFT; Bird and Liu, 2007) model. Specifically,
they used global "geodesy-to-seismicityconversion factors reported by Bird and Kagan (2004)
and the tectonic regionalization scheme of Kreemer et al. (2002) for this translation. Thus,
the authors produced the Seismic Hazard Inferred from Tectonics based on the Global Strain
Rate Map (SHIFT GSRM) seismicity model. In accordance with 1977-2009 retrospective test
results, SHIFT GSRM is consistent with earthquakes observed in active continental regions
like the San Andreas fault system in southern California or the active faults in China. Ho-
wever, the raw forecast underestimates seismicity rates in subduction zones by a mean factor
of approximately three during the same evaluation period. In this regard, Bird et al. (2010)
explained that earthquake model underestimations are mainly due to geometric effects, poorly
captured by the global mean subduction dip angle employed in the formulation. As a result,
the SHIFT GSRM2f authors compensate for the lack of specific (more regional) subduction
dip angles in the model moment rate by applying empirical adjustment factors.
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Four years later, Kreemer et al. (2014) published a major update of GSRM: the GSRM2.1
model. The new GSRM is a large improvement over its predecessor, because it incorporates
22,415 interseismic GPS velocities (almost five times more than GSRM), measured between 1
January 1996 and 31 December 2013. In this manner, GSRM2.1 offers a finer spatial strain-rate
distribution than GSMR to be used in high-resolution seismicity forecasts, such as the global
map of recurrence times for m,, = 7.5 characteristic earthquakes, presented in the same study.
Based on GSRM2.1, Bird and Kreemer (2015) generated the SHIFT _GSRM2f seismicity model.
Among other improvements, SHIFT GSRM2f uses a new tectonic regionalization framework
(i.e. Kagan et al., 2010) and velocity-dependent seismogenic thicknesses for subduction margins
and continental convergent zones (i.e. Bird et al., 2009). In this occasion, a SHIFT GSRM2f
forecast was retrospectively and pseudo-prospectively contrasted with actual 1977-2004 m >
5.767, h < 70 km observed seismicity. As a result, the uncorrected forecast underpredicts global
earthquake activity, mainly due to underestimations of subduction-zone seismicity. Hence, the
SHIFT GSRM authors empirically corrected the forecast again as the last step in constructing
this seismicity model (see Fig. 1.3).

40°E 80°E  120°E 160°E 160°W 120°W 80°W  40°W

1044 10-18 10132 10126 10120 10 1.4 10108 10-102 1096

EQs / (m? x year)

Abbildung 1.3: Forecast map of m > 5.95, h < 70 km global earthquake rates, derived from the Seismic Hazard
Inferred from Tectonics based on the second iteration of the Global Strain Rate Map (SHIFT__GSRM2f; Bird
and Kreemer, 2015) model.

1.2.3 Ensemble earthquake-rate modeling

The Global Earthquake Activity Rate (GEARI; Bird et al., 2015) model is a global hybrid
earthquake approach, resulting from a multiplicative log-linear blend of SHIFT GSRM?2f and
KJSS. The optimized combination between these parent forecasts was determined by maximi-
zing the I; (success) information score of Kagan (2009) from actual 2005-2012 seismicity. Thus,
Bird et al. (2015) found that the most informative GEAR1 forecast stems from a multiplicative
blend of earthquake forecast components, with exponent d = 0.6 on KJSS (Seismicity) and
¢c=1—d=0.4on SHIFT GSRM2f (Tectonics):

H = §%6 x 704 (1.2)
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Based on this combination, the GEAR1 modelers enhanced the preferred hybrid seismicity
model by recomputing the Seismicity and Tectonics parent forecasts using the complete 1977—
2013 Global CMT catalog. As a result, the update of such a preferred hybrid earthquake-rate
model is what they refer to as the GEARI seismicity forecast (see Fig. 1.4). In this manner,
GEARI captures the major advantages of its constituent forecast components (see Table 1.1), as
SHIFT GSRM2f computes high-resolution rates of seismicity along tectonic plate boundaries
and KJSS constrains earthquake activity in intraplate regions, where strain rates are assumed
to be zero (i.e. tectonic plates are modeled to be rigid) according to GSRM2.1, but earthquakes
with magnitudes up to 7.4 have been recorded (Ekstrom et al., 2012).

40°E 80°E  120°E 160°E 160°W 120°W 80°W  40°W

10714.0 107135 1071‘50 107125 107120 10711.5 107111) 107105 107100
EQs / (m? x year)

Abbildung 1.4: Forecast map of m > 5.95, h < 70 km global earthquake rates, derived from the Global
Earthquake Activity Rate (GEARI; Bird et al., 2015) model.

Tabelle 1.1: Evolution of global seismicity models described in the introduction of this doctoral thesis.

Model Nature Based on Reference
KJSS Seismicity CMT catalog Kagan and Jackson (2011)
SHIFT GSRM | Tectonic GSRM and CMT catalog Bird et al. (2010)
SHIFT GSRM2f | Tectonic | GSRM2.1 and CMT catalog | Bird and Kreemer (2015)
GEARI1 Hybrid | KJSS and SHIFT GSRM2f Bird et al. (2015)

1.3 Earthquake model evaluation

GEARI1, KJSS, SHIFT GSRM and SHIFT GSRM2f provide valuable scientific hypotheses
about when and where earthquakes may occur and how big they might be. Nevertheless, given
the strongly stochastic nature of earthquakes and the limited sampling of large events, the
veracity of these hypotheses can only be either confirmed or rejected after prospective forecast
experiments (Werner et al., 2011; Taroni et al., 2014). In this regard, a major step towards
prospective forecast evaluation was taken by the Working Group on Regional Earthquake Like-
lihood Models (RELM; Field, 2007; Schorlemmer and Gerstenberger, 2007; Schorlemmer et al.,
2007, 2010). This initiative consisted of inviting five-year seismicity forecasts for California to
be prospectively tested within a unified, transparent and reproducible environment. Later, the
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Collaboratory for the Study of Earthquake Predictability (CSEP; Zechar et al., 2010; Schor-
lemmer et al., 2018) expanded the RELM’s scientific task by receiving regional and global
seismicity forecasts for retrospective, pseudo-prospective and prospective evaluation.

1.3.1 Consistency tests

Over time, earthquake consistency tests have been implemented within CSEP to assess the
performance of participating seismicity forecasts. These tests are based on the likelihood of
observed seismicity patterns, given forecasted earthquake numbers. A forecast’s log-likelihood
score is a metric, based on the Poisson distribution, used to evaluate the consistency of fo-
recasted seismicity patterns with observed earthquakes (Schorlemmer et al., 2010). Greater
log-likelihood scores indicate greater consistency, corresponding to a higher probability of the
forecast generating a seismicity distribution similar to observations. This in turn implies a
greater ability of the seismicity model to forecast earthquakes.

Consistency with observed seismicity, expressed as the log-likelihood score, can be decom-
posed into three dimensions, i.e. number of earthquakes, magnitude and spatial distributions,
which are directly derived from the likelihood, or L-test (Zechar and Rhoades, 2010). Thus, a
forecast’s log-likelihood score is most impacted by the number of earthquakes. Additionally, one
can apply the conditional likelihood (CL) test, which provides information about a forecast’s
spatial and magnitude distribution while removing information regarding the total number of
earthquakes (Werner et al., 2011).

1.3.2 Comparative tests

The relative performance of forecast pairs can be tested by measuring the rate-corrected infor-
mation gain per earthquake of one forecast over another (Rhoades et al., 2011). For each global
forecast pair, one applies the Student’s paired T-test. This comparative test is based on the null
hypothesis that two forecasts perform similarly, and the alternate hypothesis that one forecast
significantly outperforms the other. As a result, one forecast is considered more informative
than the other if the mean information gain significantly differs from the scaled difference in
forecasted earthquake numbers between two forecasts. The Student’s paired T-test requires the
assumption that the information gain scores at observed earthquake locations are normally dis-
tributed, which is not always the case. For this reason, one can also apply the non-parametric
W-test, evaluating the median information gain per earthquake rather than the mean. This
test only requires that the information gain distribution is symmetric, and increases in power
with increasing numbers of observed earthquakes (Rhoades et al., 2011). Based on these tests,
CSEP has been able to identify the most informative seismicity models among more than 400
participant earthquake approaches (Michael and Werner, 2018; Schorlemmer et al., 2018). In
California, for instances, the strain-rate driven forecast of Shen et al. (2007) and the Uniform
California Earthquake Rupture Forecast v.2 (UCERF2; Field et al., 2009) have greater foreca-
sting skills than most other RELM models (Strader et al., 2017). In Italy, the most consistent
forecast until today is the one derived from the MPS04_AFTER (MPS-Working-Group, 2004)
earthquake-rate model (Taroni et al., 2018). In New Zealand, the smoothed seismicity model
based on the Proximity to Past Earthquakes method (PPE; Jackson and Kagan, 1999; Rhoades
and Evison, 2006) is the best-performing forecast, according to 10 years of prospective testing
(Rhoades et al., 2018).
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1.4 Scientific questions and outline

The prospective assessment of seismicity models is important, because earthquake forecasts like
UCERF2 and MPS04_AFTER provide authorities with actual guidance on hazard estimates
to be considered for enhanced building design and updated insurance rating. Nonetheless, these
particular test results are still preliminary, as the test areas are too small to observe a stati-
stically representative number of large events in just a decade. In fact, only global m > 5.8
forecasts can offer prospective test results to be obtained in 1-8 years (Bird et al., 2015). Hence,
the first scientific question of this doctoral thesis rises:

1 Which is the most consistent global seismicity forecast with independent earthquake ob-
servations?

To respond to this question, my research colleagues and I prospectively evaluated the per-
formance of global earhquake-rate models over a 2-year observation period (the broadest
independent dataset available by that time). In this study (see Chapter 2), we contrasted
long-term estimates of seismicity provided by SHIFT GSRM, SHIFT GSRM2f, KJSS
and GEAR1 with actual earthquake activity. Specifically, we evaluated the number, ma-
gnitude, and spatial distributions of forecasted events. In addition, we compared the fo-
recasting skills of each earthquake-rate model to that of GEARI, our reference seismicity
model.

During the twentieth century, subduction megathrust seismicity accounted for approximately
90% of the global seismic moment (Pacheco and Sykes, 1992), and comprised 60% of the ear-
thquake activity observed worldwide (Bird et al., 2010). Thus, several authors (e.g. Ruff and
Kanamori, 1980; Peterson and Seno, 1984; Pacheco et al., 1993) have largely investigated the
great diversity of subduction margins, in terms of mechanical behavior, age and geometry to
better explain these observations. McCaffrey (2008) reported that subduction zones unevenly
contribute to the total seismic moment globally released. Also, Ide (2013) determined a linear
relationship between relative plate velocity and background (declustered) interface seismicity.
Moreover, the three-dimensional Slabl and Slab2 models of Hayes et al. (2012, 2018) show indis-
putable variations among subduction-area geometries. In this manner, seismicity data suggest
that subduction zones are tectonically so distinctive that regional earthquake parameters are
required to more accurately describe their specific seismicity patterns. As a result, the core
scientific questions of this doctoral thesis rise:

2a Could the regionalization of geodesy-to-seismicity parameters significantly reduce raw-
SHIFT GSRM and SHIFT GSRM2f earthquake underpredictions in subduction zones?

2b If true, which parameter(s) more extensively contribute(s) to the improvement of these
global geodetic seismicity models? Is it indeed the subduction dip angle?

To give answers to these research questions, I developed and tested a complementary mo-
del to the methods developed by Bird et al. (2010) and Bird and Kreemer (2015) to fore-
cast global interface seismicity. This model, referred to as Subduction Megathrust Earth-
quake Rate Forecast (SMERF; see Chapter 3), is a physics-derived, stationary and testable
earthquake approach for 37 subduction zones, based on the conservation of moment prin-
ciple and the use of regional geodesy-to-seismicity parameters. The physics-based method
of SMERF consists of balancing long-term rates of geodetic and seismic moment, compu-
ted from interseismic-strain data and earthquake-catalog information. Among others, this
approach allows to derive analytical solutions for seismic coupling and earthquake activity.
Moreover, the iterative method of SMERF is suitable to determine quantitatively, which
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regional parameters more effectively reduce raw-SHIFT earthquake-rate underpredictions.
So, I additionally tested the earthquake-number consistency of SMERF with observati-
ons recorded during the 1977-2014 and 20152018 retrospective and pseudo-prospective
evaluation periods.

The main difference between SMERF and its predecessors SHIFT GSRM and SHIFT GSRM2f
models is the redistribution of seismicity rates within subduction margins through the appli-
cation of regional, rather than global, seismicity parameters. Due to the prominent seismic
activity observed within subduction margins, I hypothesize that SMERF could have a mea-
surable impact on the construction of global earthquake-rate models. Thus, the final scientific
question of this doctoral thesis gives rise:

3 What is the impact of the new interface-seismicity model on the development, update
and improvement of global earthquake-rate models like those of Bird and Kreemer (2015)
and Bird et al. (2015)7

To answer this question, I produced and evaluated two global ensemble seismicity models
based on SMERF2, a revised version of SMERF that depends on a reduced number of
earthquake parameters (see Chapter 4). Specifically, I combined SMERF2 estimates in
subduction zones with SHIFT GSRM2f computations outside of these tectonic margins
to create the global Tectonic Earthquake Activity Model (TEAM). In this manner, TEAM
is an updated geodetic-based earthquake model, aimed at providing high-resolution rates
of seismicity along plate boundaries, with special focus on subduction regions. Using the
same multiplicative blend of parent seismicity forecasts as GEARI1, I moreover combined
TEAM with the KJSS forecast to generate the World Hybrid Earthquake Estimates
based on Likelihood scores (WHEEL) seismicity model. I designed WHEEL to serve
as an alternative method to GEARI to forecast earthquakes globally. Therefore, I also
compared its relative consistency and the relative consistency of all global seismicity
forecasts to that of GEARI.

Having said this, I finally invite the reader to dive into Chapters 24 for further information
regarding the creation and testing of global seismicity models (see Table 1.2). Moreover, I en-
courage her/him to also follow Chapters 56, in which I describe the major findings, advantages,
limitations and prospects of this doctoral dissertation.

Tabelle 1.2: Summary of long-term seismicity models, constructed and tested for this doctoral thesis.

Model Nature Coverage Based on Reference
SMERF | Tectonic | 37 Subduction zones GSRM2.1 and CMT catalog Chapter 3
SMERF2 | Tectonic | 14 Subduction zones GSRM2.1 and CMT catalog Chapter 4

TEAM | Tectonic Global SMERF2 and SHIFT_GSRM2f | Chapter 4
WHEEL | Hybrid Global TEAM and KJSS Chapter 4
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1.5 Author’s publications and contributions

The Chapters 2—4 of this doctoral thesis are peer-reviewed /submitted articles in scientific jour-
nals. These articles are listed below:

e Chapter 2:

Strader, A., Werner, M., Bayona, J., Maechling, P., Silva, F., Liukis, M. and Schor-
lemmer, D., 2018. Prospective evaluation of global earthquake forecast models: 2 yrs of
observations provide preliminary support for merging smoothed seismicity with geodetic
strain rates. Seismological Research Letters, 89(4), pp.1262-1271.
https://doi.org/10.1785/0220180051

I contributed with the description and plotting of global seismicity models. Moreover, I provided
comments to improve the manuscript.

e Chapter 3:

Bayona Viveros, J.A., Specht, S., Strader, A., Hainzl, S., Cotton, F. and Schorlemmer,
D., 2019. A Regionalized Seismicity Model for Subduction Zones Based on Geodetic
Strain Rates, Geomechanical Parameters, and Earthquake-Catalog Data. Bulletin of the
Seismological Society of America, 109(5), pp.2036-2049.
https://doi.org/10.1785/0120190034

I created the theoretical method described in this article. Also, I developed Python codes to con-
struct and test the seismicity model for subduction zones. Furthermore, I wrote the manuscript,
including comments from my Ph.D advisors and co-authors.

e Chapter 4:

Bayona, J.A., Savran, W., Strader, A., Hainzl, S., Cotton, F. and Schorlemmer, D.,
2020. Two global ensemble seismicity models obtained from the combination of inter-
seismic strain measurements and earthquake-catalogue information. Geophysical Journal
International,224(3), pp.1945-1955.

https://doi.org/10.1093/gji/ggaa’b54.

I designed the theoretical framework presented in this study. In addition, I developed Python
codes to produce global ensemble earthquake-rate models. Moreover, I wrote the manuscript,
incorporating comments from my Ph.D advisors and co-authors.

The following work has been published in the course of my doctoral studies. However, I will
not include it as a part of this thesis:

e Bayona Viveros, J.A., Suarez Reynoso, G. and Ordaz Schroeder, M.G., 2017. A proba-
bilistic seismic hazard assessment of the Trans-Mexican Volcanic Belt, Mexico based on
historical and instrumentally recorded seismicity. Geofisica Internacional, 56(1), pp.87-
101. http://dx.doi.org/10.19155/geofint.2017.056.1.7

I developed the theoretical approach introduced in this research. Also, I wrote the manuscript,
including comments from my Ph.D adviser and co-author.


https://pubs.geoscienceworld.org/ssa/srl/article/89/4/1262/532041/Prospective-Evaluation-of-Global-Earthquake
https://pubs.geoscienceworld.org/ssa/bssa/article/109/5/2036/572189/A-Regionalized-Seismicity-Model-for-Subduction
https://academic.oup.com/gji/article-abstract/224/3/1945/5996192
http://www.scielo.org.mx/scielo.php?pid=S0016-71692017000100087&script=sci_arttext&tlng=pt

Kapitel 2

Prospective Evaluation of Global
Earthquake Forecast Models: Two Years
of Observations Provide Preliminary
Support for Merging Smoothed Seismicity
with Geodetic Strain Rates

Abstract

The Global Earthquake Activity Rate (GEAR1) seismicity model uses an optimized combina-
tion of geodetic strain rates, hypotheses about converting strain rates to seismicity rates from
plate tectonics, and earthquake-catalog data to estimate global m,, > 5.767 shallow (< 70 km)
seismicity rates. It comprises two parent models: a strain rate-based model, and a smoothed-
seismicity based model. The GEAR1 model was retrospectively evaluated and calibrated using
earthquake data from 2005-2012, resulting in a preferred log-linear, multiplicative combination
of the parent forecasts. Since October 1, 2015, the GEAR1 model has undergone prospective
evaluation within the Collaboratory for the Study of Earthquake Predictability (CSEP) testing
center, forecasting m,, > 5.95 seismicity. We present initial prospective forecast test results
for the GEAR1 model, its tectonic and seismicity components, and for the first iteration of
the strain rate-based model, during the period October 1, 2015 to September 7, 2017. Du-
ring the evaluation period, observed earthquakes are consistent with the GEAR1 forecast and
comparative test results likewise support that GEAR1 is more informative than either of its
components alone. Based on a combination of retrospective and prospective testing, the tecto-
nic forecasts do not effectively anticipate observed spatial earthquake distribution, largely due
to over-localization of the model with respect to observed earthquake distributions.’

!Originally published as: Strader, A., Werner, M., Bayona, J., Maechling, P., Silva, F., Liukis, M. and Schor-
lemmer, D., 2018. Prospective evaluation of global earthquake forecast models: 2 yrs of observations provide
preliminary support for merging smoothed seismicity with geodetic strain rates. Seismological Research
Letters, 89(4), pp.1262-1271. https://doi.org/10.1785/0220180051
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2.1 Introduction

Earthquake-source models that reliably forecast long-term seismicity rates are imperative to
seismic risk mitigation. As they form the foundation of seismic hazard models (Anderson and
Biasi, 2016; Cornell, 1968), the development and evaluation of seismicity models is essential to
improving ground shaking estimates. Such estimates are directly used worldwide as an input
for building codes, including nuclear facilities, and for urban planning. Accurate and reliable
forecasting of long-term seismicity rates allows societies to identify regions at risk of catastrophic
earthquake damage and effectively invest in building and infrastructure safety. Global seismicity
models are advantageous in this respect because sufficient earthquakes occur to rank global
forecasts with a 5.8-7.0 magnitude threshold after only 1-8 years of testing (Bird et al., 2015).

Until recently, global seismicity models used as input for Probabilistic Seismic Hazard Ana-
lysis (PSHA) were primarily based on a combination of earthquake-catalog and fault data
(Giardini, 2014; Giardini et al., 1999). These seismicity models extrapolated previous seismi-
city to the future, and assumed that all faults that could potentially yield large, catastrophic
earthquakes were known. In recent years, the quality and quantity of available geodetic data
have increased considerably and are beginning to be incorporated into earthquake source mo-
dels such as the Uniform California Earthquake Rupture forecast (UCERF; Field et al., 2009)
and (UCERF3; Field et al., 2015). These data can provide information about tectonic deforma-
tion that cannot be supplied by instrumental or historical earthquake catalogs, particularly in
regions where only few seismicity data are available (Kreemer et al., 2014; Bird and Kreemer,
2015; Bird et al., 2015).

2.1.1 Seismicity models

To use geodetic data in forecasting time-invariant global seismicity rates, Bird and Kreemer
(2015) developed the SHIFT GSRM2f model. SHIFT GSRM2f is based on the second ite-
ration of the Global Strain Rate Map (GSRM2.1), a global model of continuous strain rates
constrained by 22415 interseismic GPS velocities (Kreemer et al., 2014). Using the Seismic
Hazard Inferred from Tectonics (SHIFT) hypotheses introduced by Bird and Liu (2007), Bird
and Kreemer converted geodetic strain rates to long-term seismicity rates by multiplying each
strain rate tensor by the elastic shear modulus, spatial bin area, geometric factor, and coupled
seismogenic thickness. The authors produced six tectonics-based seismicity models of varying
complexity (SHIFT GSRM2a-f). SHIFT GSRMZ2f, the most complex of the resulting seismici-
ty models, recognizes five tectonic zones, applies asymmetric Gaussian smoothing to subduction
zone strain rates and symmetric smoothing to all other offshore plate boundaries, and accounts
for velocity-dependent coupled seismogenic thickness.

The Global Earthquake Activity Rate Model (GEARI1) is a hybrid seismicity model that
uses a combination of geodetic strain rates and earthquake-catalog data to forecast long-term
seismicity (Bird et al., 2015). It is a multiplicative log-linear blend of the SHIFT GSRM2f and
Kagan-Jackson Smoothed Seismicity (KJSS) models (Kagan and Jackson, 1994, 2000, 2011).
The KJSS model was developed by smoothing shallow (< 70 km) m,, > 5.767 earthquakes du-
ring the period 1977-2004 from the Global Centroid Moment Tensor (CMT) earthquake catalog
(Ekstrom et al., 2012). Although strain rates capture seismicity in regions where earthquake-
catalog data are scarce, earthquake catalogs provide information about intraplate seismicity,
where strain rates are assumed to be zero according to the GSRM2.1.
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Both components of the GEAR1 model were developed from undeclustered seismicity, due
to the lack of a consensus on an optimal declustering scheme, and potential misclassifications
of mainshocks and aftershocks resulting from earthquake catalog boundaries in space, time and
magnitude (Bird et al., 2015). For the tectonic models, seismicity rates are quite sensitive to
the corner magnitude (increasing the corner magnitude by one increases seismicity rates by a
factor of three); corner magnitudes were assigned for both GEAR1 component models based
on tectonic region (Bird and Kagan, 2004; Kagan et al., 2010). For consistency, all tests are
conducted using undeclustered earthquake catalogs.

Using global CMT seismicity from 2005-2012, Bird et al. (2015) retrospectively evaluated
various combinations of the SHIFT GSRM2f and KJSS models. They tested three main com-
binations of tectonics and seismicity: a weighted linear combination, a multiplicative log-linear
combination, and selection in each spatial bin of the model with the greater forecasted seismicity
rate. They optimized the GEAR1 model by maximizing the I1 (Buccess") score, or mean infor-
mation gain per earthquake of GEARI1 over a uniform Poisson model (Kagan, 2009). Testing
multiple weightings of tectonics and smoothed seismicity, they determined that the optimal GE-
AR1 model was a multiplicative log-linear combination of SHIFT GSRM2f and KJSS, with a
weight of 0.6 (d=0.6 in the following equation) assigned to smoothed seismicity:

i, = N{max((S4 - T, 1} (2.1)

where H;; is the total forecasted earthquake rate in the spatial bin with latitude ¢ and longitude
j. Sij is the rate forecasted by KJSS and Tj; is the rate forecasted by SHIFT GSRM?2f. f is
a baseline seismicity rate defined as min [min (S;;), min (7};)], in order to account for earth-
quakes in unexpected locations. N{} is an operator that normalizes the total earthquake rate
to equal the total rate observed during 1977-2003 according to the CMT catalog, so that the
models project the mean global seismicity rate into the future. This normalization is applied
after constraining the corner magnitudes for each tectonic region, such that an increase in the
corner magnitude does not result in a decreased total activity rate. Seismicity data used to nor-
malize the total seismicity rates for the global models are completely independent from data
used to calibrate or retrospectively/prospectively test the models. Figure 2.1 displays maps of
earthquake rates calculated from all three global models, as well as SHIFT _GSRM (i.e. Bird
et al., 2010), the predecessor of SHIFT GSRMZ2f.

2.1.2 Seismicity forecast evaluation

Although successful retrospective test results are necessary to detect initial seismicity model
limitations, such tests are prone to bias because data included in calibrating the model are also
used to test it. Only truly prospective evaluation is considered rigorous, because it has the ability
to estimate the forecasting power of a seismicity model (Schorlemmer et al., 2007; Zechar et al.,
2010; Strader et al., 2017). Since October 1, 2015, seismicity forecasts produced by GEARI,
SHIFT GSRM2f, and KJSS have undergone prospective testing within the Collaboratory for
the Study of Earthquake Predictability (CSEP). We also evaluate the SHIFT _GSRM model,
based on the first version of the GSRM (Kreemer et al., 2003). GSRM2.1 improves upon the
original GSRM through its incorporation of additional geodetic information, systematic data
processing, additional modeled plates and plate boundaries, and a finer spatial grid (Bird and
Kreemer, 2015; Kreemer et al., 2014).
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2.1.3 Recent results

In this study, we present prospective testing results from October 1, 2015 to September 7, 2017.
We evaluate the consistency of each forecast’s total number of earthquakes, spatial earthquake
distribution and magnitude distribution against earthquakes observed during the evaluation
period. To determine each GEAR1 component’s contribution to constraining seismicity rates
and prospectively assess the stability of GEAR1’s optimization, we compare GEAR1’s forecast
performance with those of SHIFT GSRM2f and KJSS. We also compare the performance of
SHIFT GSRM and SHIFT GSRM2f to determine if the additional geodetic data used in
developing SHIFT GSRM2f significantly improves forecast performance during the evaluation
period. Because the approximately two-year prospective testing period is considerably shorter
than the eight-year GEAR1 model calibration period and global earthquake rates fluctuate
considerably over two-year intervals, we cannot identify major model strengths and weaknesses
using only current prospective test results. To better understand the temporal stability of
two-year global model performance, we include a retrospective analysis of the total forecasted
number and spatial distribution of earthquakes for five two-year intervals during 2004-2013.
We also compare I1 scores for the entire prospective testing period and one-year intervals with
the retrospective one-year tests conducted by (Bird et al., 2015), to determine if the average
information gains per earthquake over a uniform Poisson global seismicity model are consistent.

2.1.4 Data

209 my, > 5.95 earthquakes (0-70 km depth) occurred during the evaluation period, considera~
bly fewer than in the past decade. From 2004-2013 (during the time the two-year retrospective
tests were conducted), an average of 266 earthquakes occurred during consecutive two-year
time intervals, with a standard deviation of 26.8 earthquakes. By contrast, the normalization
rate for the duration of the prospective testing period determined by Bird et al. (2015) using
1977-2003 seismicity data results in 225 forecasted earthquakes from each global model. We
used the undeclustered CMT catalog, consistent with earthquakes used to generate and cali-
brate GEAR1 (Bird et al., 2015). Notable earthquakes during the prospective testing period
include the April 16, 2016 m,, 7.8 Ecuador earthquake, November 14, 2016 m,, 7.8 Kaikoura
earthquake in New Zealand, and December 17, 2016 m,, 7.9 Papua New Guinea earthquake.
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Abbildung 2.1: Forecast maps showing my, > 5.95 earthquake epicentroid rates (loglO(egs/year) in each
0.1° x 0.1° spatial bin): a) the preferred GEAR1 model (Bird et al., 2015), b) KJSS (Kagan and Jackson, 2011),
¢) SHIFT GSRM (Bird et al., 2010), d) SHIFT GSRM2f (Bird and Kreemer, 2015). We determine epicentroid
rate densities from a loglinear, multiplicative combination of the SHIFT GSRM2f and KJSS parent forecasts,
with exponent d = 0.6. Bright yellow and orange areas indicate regions with elevated seismicity rates. Map e)
displays epicenters of observed earthquakes during the evaluation period (overlying the GEARI forecast map).
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2.2 Methods

2.2.1 CSEP testing center framework

Each CSEP testing center (Schorlemmer and Gerstenberger, 2007) allows for earthquake-rate fo-
recasts generated from seismicity models to be evaluated in a specified region during a specified
evaluation period. In a forecasting experiment, the testing region is divided into spatiomagni-
tude bins based on longitude, latitude and magnitude increments. Seismicity modelers submit
forecasts to CSEP in the form of expected numbers of earthquakes (assuming a Poisson seis-
micity distribution in each spatial bin) during the evaluation period in each spatiomagnitude
bin (Werner et al., 2010; Eberhard et al., 2012; Tsuruoka et al., 2012). Forecast experiments
are conducted in a transparent, reproducible environment, with earthquake data used to test
forecasts provided by an authoritative and independent source (Schorlemmer and Gerstenber-
ger, 2007; Zechar et al., 2010). A brief overview of the consistency and comparative tests (with
corresponding literature) used to evaluate earthquake forecasts is provided below.

Comparative Tests

One evaluates the relative performance between forecasts by measuring the rate-corrected in-
formation gain per earthquake of one forecast over another (Rhoades et al., 2011). We apply the
Student’s paired T-test, defining the null hypothesis that two forecasts do not perform signifi-
cantly differently, and the alternate hypothesis that one forecast significantly outperforms the
other. If the mean information gain significantly differs from the scaled difference in forecasted
earthquake numbers between two forecasts, one forecast is significantly more informative than
the other.

In the case that the information gain scores at observed earthquake locations are not normally
distributed, the non-parametric W-test evaluates the median information gain per earthquake
rather than the mean. This test requires that the information gain distribution is symmetric,
and increases in power with increasing numbers of observed earthquakes (Rhoades et al., 2011).

2.2.2 Consistency tests

Using a suite of likelihood consistency tests, CSEP evaluates the consistency of forecasted
and observed seismicity during the experiment’s evaluation period. Tests are based on the
likelihood of observed seismicity patterns, given forecasted seismicity rates. A forecast’s log-
likelihood score is a metric, based on the Poisson distribution, used to evaluate the consistency
of forecasted seismicity patterns with observed earthquakes (Schorlemmer et al., 2007). Greater
log-likelihood scores indicate greater consistency, corresponding to a higher probability of the
forecast generating a seismicity distribution similar to observations (indicating greater ability
to forecast earthquakes).

Consistency with observed seismicity, or the log-likelihood score, can be decomposed into
three dimensions: number of earthquakes, magnitude and spatial distributions. The tests of
consistency for these dimensions (N-test, M-test and S-test, respectively) are derived directly
from the likelihood, or L-test (Zechar and Rhoades, 2010). Because the number of earthquakes
has the greatest impact on a forecast’s log-likelihood score, the conditional likelihood (CL) test
provides information about a forecast’s spatial and magnitude distribution with information
regarding the total number of earthquakes removed (Werner et al., 2011).
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2.3 Results

2.3.1 Model comparison and ranking

GEARI significantly outperforms both of its individual components during the evaluation pe-
riod, according to the T- and W-test results (Figure 2.2). This is based on the information gain
at a selected significance level of 0.05. The forecast’s superior performance to its individual
components during the prospective evaluation supports the near-even weighting of KJSS and
SHIFT GSRMZ2f, as well as the selected log-linear combination of the models. Given that the
multiplicative model captures two independent factors necessary for earthquake triggering, i.e.
continuous lithospheric deformation as well as sudden static or dynamic stress changes (Bird
et al., 2015), the stability of the optimized GEAR1 model over two years is promising. However,
because Bird et al. (2015) selected the optimized GEAR1 model based on I1 score variations du-
ring an eight-year retrospective period, a similar prospective time period will likely be necessary
to conclusively validate the model selection.

SHIFT GSRM displays a small mean information gain over SHIFT GSRM2f; nonetheless,
this difference is not statistically significant during the prospective evaluation period.

T-Test
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Abbildung 2.2: T-test results comparing GEAR1’s performance with those of KJSS, SHIFT GSRM and
SHIFT _GSRM2f during the prospective evaluation period. GEAR1 significantly outperforms both tectonics
forecasts as well as KJSS, supporting a near-even combination of geodetic and earthquake-catalog data to
best constrain short- to mid-term seismicity rates. Circles correspond to observed mean information gain per
earthquake, while vertical lines display the range of 0.05 significance level mean information gain values; the
ranges for all tectonic and seismicity component forecasts are all below zero. The mean information gain per
earthquake is displayed on the y-axis; the dashed horizontal line corresponds to the scaled mean information
gain (that is, no difference in performance between forecast pairs). Although not displayed, the W-test results
corroborate all T-test results.

2.3.2 Consistency tests

The observed total earthquake number is consistent with all forecasts during the prospective
evaluation period, according to the N-test results (Figure 2.3 and Table 2.1). Because all mo-
dels had similar spatial seismicity rate integrals, it is unsurprising that the models passed the
N-test simultaneously. Bird et al. (2015) normalized all models to forecast total earthquake
rates equal to the 1977-2003 global CMT rate at the m,, > 5.767 threshold, so that annual fluc-
tuations in seismicity would not result in one forecast being favored over another during short
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(1-2 year) evaluation periods. For the forecasts in this work, the normalization rate determined
from 1977-2003 for my, > 5.95 is 225 earthquakes over the length of the prospective testing
period. Retrospective test results reflect large observed fluctuations in seismicity rates over two-
year time intervals (Table 2.2); the GEAR1 and SHIFT GSRM2f forecasts are consistent with
observed seismicity during two out of the five retrospective testing periods. Because the obser-
vation catalogs were undeclustered, aftershocks from large earthquakes (for example, the M9.0
Tohoku event) increased seismicity rates considerably from 2006-2011, compared to the average
rate calculated from the 1977-2003 global CMT catalog. Both GEAR1 and SHIFT GSRM2f
underpredicted seismicity during these testing periods.

) N-Test ) CL-Test
KJSS - b L KJSS A F i
SHIFT_GSRM2F - & SHIFT_GSRM2F - @
SHIFT_GSRM - B SHIFT_GSRM - () _—
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Abbildung 2.3: Consistency test results for the GEAR1, SHIFT GSRM, SHIFT_GSRM?2f, and KJSS fo-
recasts during the period October 1, 2015-September 7, 2017: a) N-test, b) CL-test, c¢) S-test, d) M-test.
Green squares indicate that observations are consistent with the forecasts, while red circles indicate significant
inconsistencies between forecasted and observed seismicity. All forecasts pass the N- and M-tests; however,
SHIFT GSRM and SHIFT GSRM2f forecast spatial earthquake distributions inconsistent with observed seis-
micity, thus failing the CL- and S-tests. For the N-test, the ordinate displays the number of earthquakes; for all
other tests, the log-likelihood score is displayed. The squares and circles indicate number of observed earthqua-
kes (in the case of the N-test) or the log-likelihood score calculated using observed earthquakes (all other tests).
The horizontal lines indicate the range of observed earthquake numbers or log-likelihood scores within the 0.05
significance level.

The observed earthquake magnitude distribution is consistent with those of all forecasts
during the prospective testing period, as indicated by the M-test results. Prior to combining
the KJSS and SHIFT GSRM2f models, Bird et al. (2015) scaled the KJSS model to have
an equal seismicity rate to the SHIFT GSRM2f model. Both models’ magnitude-frequency
distributions comprised unions of various tapered Gutenberg-Richter distributions based on
the SHIFT philosophy (Bird and Kagan, 2004). Therefore, the four models have similar log-
likelihood (M) scores.
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Tabelle 2.1: Prospective N-, CL-, S- and M-test statistics for all global seismicity models. The test statistics 61
and Jo give the probabilities of observing at least and at most the number of observed earthquakes, respectively.
If 67 < 0.025, the forecast underpredicts; if 65 < 0.025, the forecast overpredicts. £, ¢ and x give the percentage
of earthquake catalogs simulated from the seismicity model with a lower log-likelihood score than the score for
the observation catalog. At the 0.05 significance level, if these statistics fall below 0.05, the forecasted earthquake
activity (magnitude and spatial patterns, spatial pattern, and magnitude pattern, respectively) is considered
inconsistent with that of observed seismicity. The last column, IG, shows the information gain of each model

over GEAR1 during the prospective testing period. Inconsistencies between forecasted and observed seismicity
are highlighted in bold.

Model 01 P 13 ¢ k| IG (over GEARI)
GEARI1 0.87 1 0.15 | 098 | 0.96 | 0.12 0.00
KJSS 0.87 1 0.15 | 0.93 | 0.88 | 0.10 -0.09
SHIFT GSRM | 0.69 | 0.33 | 0.00 | 0.00 | 0.12 -0.53
SHIFT GSRM2F | 0.86 | 0.16 | 0.00 | 0.00 | 0.17 -0.51

Both GEAR1 and KJSS forecast spatial earthquake distributions consistent with observati-
ons during the prospective testing period, as indicated by the S-test; however, both tectonic
models do not. One reason for the difference in performance is that forecasted seismicity in
SHIFT GSRM2f is highly concentrated along plate boundaries compared to KJSS. This effect
is indicated by large differences in log-likelihood scores for earthquakes near plate boundari-
es but located just beyond regions of elevated forecasted seismicity. Concentration plots for
both forecasts (Figure 2.4) display cumulative observed and forecasted seismicity distributi-
ons. The forecasted seismicity distribution for SHIFT GSRM2f is shifted slightly to the right
of the observed seismicity distribution, suggesting that in SHIFT GSRM2f seismicity is too
localizedalong plate boundaries compared to KJSS. The use of undeclustered seismicity also
impacted the difference in forecasted and observed spatial likelihood scores, in that simulated
earthquake catalogs rarely contained more than one earthquake per spatial bin, whereas four
spatial bins contained two observed earthquakes each. Bins located just outside of modeled
active seismic margins, containing multiple earthquakes due to clustering, lowered the observed
spatial log-likelihood score substantially relative to simulated spatial log-likelihood scores.

Tabelle 2.2: Retrospective N- and S-test results for GEAR1 and SHIFT GSRM2f over two-year intervals
during 2004-2013. The test statistics d; and Jo give the probabilities of observing at least and at most the
number of observed earthquakes, N, respectively. If 6; < 0.025, the forecast underpredicts; if §o < 0.025,
the forecast overpredicts. The test statistic ¢ give the percentage of earthquake catalogs simulated from the
seismicity model with a lower spatial log-likelihood score than the score for the observation catalog. If ¢ < 0.05,
the forecasted spatial seismicity pattern is considered inconsistent with that of observed seismicity. The N-
test results are quite unstable over time, largely due to inclusion of aftershocks from large earthquakes in the
observation catalog. Both models’ S-test results are stable over the retrospective and prospective time intervals
at the 0.05 significance level. Inconsistencies between forecasted and observed seismicity are denoted by light
gray shading.

Test Period | N | 61 (GEARIL) | 62 (GEARI) | ¢ (GEARI) | 6 (SHIFT_GSRM2f) | 65 (SHIFT_GSRM2f) | ¢ (SHIFT_GSRMZ2f)
2004-2005 239 0.34 0.68 1.00 0.33 0.69 0.00
2006-2007 284 0.00 1.00 1.00 0.00 1.00 0.02
2008-2009 281 0.00 1.00 1.00 0.00 1.00 0.00
2010-2011 291 0.00 1.00 1.00 0.00 1.00 0.20
2012-2013 235 0.44 0.58 1.00 0.43 0.60 0.00

Retrospective analysis shows that the spatial forecast performances for SHIFT GSRM2f
and GEAR1 are mostly stable over two-year testing intervals between 2004-2013 for the 0.05
significance level (Table 2.2). For all retrospective time intervals, GEARI1’s spatial forecast is
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consistent with observed seismicity; for SHIFT GSRMZ2f, the spatial forecast is inconsistent
with observed earthquake activity for all time intervals except for 2010-2011. This suggests
that SHIFT GSRM2f’s prospective spatial forecast performance may not entirely be due to
temporal fluctuations in seismicity patterns, and warrants further investigation into model
improvement.

2.3.3 Information scores (I1)

Because the earthquake catalogs used to develop and calibrate GEAR1 were undeclustered
(Bird et al., 2015), the earthquakes used to evaluate the global models cannot be assumed
independent. Therefore, the CSEP test results should be corroborated by test results that
do not require such an assumption. Bird et al. (2015) retrospectively evaluated the relative
performances of GEAR1 and KJSS over one-year intervals at the m,, > 5.767 and m,, > 7.1
thresholds using the I1 information score (Kagan, 2009), because it compares forecasted and
observed seismicity patterns independent of earthquake counts.

I1 scores for my, > 5.95 seismicity during the entire prospective testing period, as well as
two one-year intervals within the testing period (October 1, 2015 to September 30, 2016 and
September 8, 2016 to September 7, 2017), are displayed in Table 2.3. For all prospective time
intervals, GEAR1 has the maximum I1 score among the global models. Differences between the
I1 scores for GEAR1 and KJSS are consistent with those observed by Bird et al. (2015) for
one-year retrospective tests. These results support that, over time windows similar to the eight-
year GEARI calibration period, short-term (two-year) spatial forecast performance is stable
for GEAR1 and SHIFT GSRMZ2f.

Tabelle 2.3: 11 scores for all global models during the entire prospective evaluation period and one-year intervals
October 1, 2015 to September 30, 2016 (Period I) and September 8, 2016 to September 7, 2017 (Period II).
GEARI1 and KJSS have greater information gains per earthquake over uniform seismicity than the tectonic
forecasts, in agreement with comparative test results (Figure 2.2). Differences between I1 scores for GEAR1
and KJSS are consistent with one-year retrospective tests conducted by Bird et al. (2015).

Model I1 (Period I + Period II) | I1 (Period I) | I1 (Period II)
GEARI1 4.56 4.95 4.18
KJSS 4.43 4.78 4.06
SHIFT GSRM 3.84 4.22 3.47
SHIFT GSRM2f 3.84 4.26 3.44

2.4 Discussion and Conclusions

We prospectively tested forecasts generated from the GEAR1 model, its components KJSS and
SHIFT GSRMZ2f, and the original SHIFT GSRM model from October 1, 2015 to September
7, 2017 within the CSEP testing center. The total earthquake number, spatial and magnitude
distributions forecasted by GEAR1 were all consistent with observed seismicity during the
prospective testing period. Additionally, GEAR1 outperformed its component models KJSS
and SHIFT GSRM2f. These results with additional retrospective testing support the inclusion
of both geodetic strain rates and earthquake-catalog data to better constrain spatial seismicity
patterns. However, instability in N-test results during retrospective two-year intervals indicates
that a longer testing period (at least equal to the GEARI calibration period) is necessary to
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understand how effectively the optimal GEAR1 model constrains mid- to long-term seismicity
rates.

GEAR1’s superior spatial performance to the SHIFT GSRM and SHIFT GSRM2f models
supports that geodetic data supplements, but does not replace earthquake-catalog data, and
also supports using ensemble modeling to improve upon individual forecast performance (Mar-
zocchi et al., 2012; Taroni et al., 2014). This is corroborated by the rejection of KJSS in favor of
GEARI1 during the prospective testing period, as well as GEAR1’s consistently higher I1 scores
during both one-year prospective periods and the retrospective tests by Bird et al. (2015). Ho-
wever, these retrospective tests were conducted during the GEARI calibration interval, leaving
only two years of prospective test results to validate the selection of the optimal GEAR1 model
without bias. All global models continue to be evaluated by CSEP, and future test results for
prospective evaluation periods comparable to that of the calibration period will more clear-
ly elucidate how geodetic data contribute to constraining earthquake rates over longer time
intervals.

Prospective and retrospective I1 scores suggest that geodetic data can improve forecasted
short-term global spatial seismicity patterns; the differences in information gain between GE-
ART1 and its components are stable over one-year time intervals. However, retrospective S-test
results indicate that observed limitations of the SHIFT GSRM2f model during the prospective
testing period are not completely due to temporal variations in seismicity patterns. Despite the
incorporation of numerous geodetic data and additional tectonic plates and plate boundaries,
SHIFT GSRM2f also did not significantly outperform SHIFT GSRM during the prospective
testing period. Although SHIFT GSRM2f incorporates more geodetic velocities and provides
a higher-resolution spatial strain-rate distribution than SHIFT GSRM, the spatial forecast is
too localized compared to observed seismicity near plate boundaries (see the concentration plot
from Figure 2.4). Future analysis of the GEAR1 and tectonic models in low-seismicity regions
is necessary to define a "buffer zonefurrounding highly seismic margins that accounts for the
majority of earthquakes occurring near these margins.

Inconsistencies in spatial seismicity patterns between the SHIFT GSRM or SHIFT GSRM2f
model and observed seismicity may also be caused by inaccurate or low-resolution physical in-
put parameters used to convert strain rates to seismic moment. Bird et al. (2015) indicate that
the SHIFT GSRM and SHIFT GSRM2f models tend to underpredict seismicity within sub-
duction zones prior to applying empirical calibration factors to account for the effect of the dip
angle on the geometric factor. We are currently investigating how varying input parameters in
the SHIFT _GSRM model (for example: subduction dip angle, coupled seismogenic thickness,
and corner magnitude) affects ratios of forecasted to observed earthquakes in subduction zones
(see Chapter 3). Further testing of individual regions and the subsequent development and pro-
spective evaluation of updated SHIFT GSRM and GEAR models will indicate the extent to
which forecast performance is sensitive to parameters used to convert strain rates to seismicity.

Two-year prospective evaluation of the GEAR1 model and its individual components sup-
ports (with the corroboration of retrospective testing) the incorporation of geodetic strain
rates in global earthquake source models to better constrain spatial seismicity patterns. Howe-
ver, temporal fluctuations in seismicity rates over two-year intervals indicate that we do not
yet have a sufficient amount of earthquake-catalog data to prospectively evaluate the global
models’ potential for forecasting long-term seismicity rates that are used as input in PSHA.
These findings are similar to those from regional forecasting experiments such as the RELM
experiment (Strader et al., 2017). Seismicity models such as UCERF2 that incorporate geodetic
strain rates not only forecast seismicity patterns consistent with observations, but their forecast
performance over consecutive five-year time intervals is more consistent than for models solely
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Cumulative Forecasted vs. Observed Earthquake Distributions
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Abbildung 2.4: Concentration plots displaying the cumulative forecasted versus observed seismicity distri-
bution for SHIFT GSRM2f (red curves) and KJSS (blue curves). The observed seismicity distribution for
SHIFT_GSRM2f is shifted slightly to the left of the forecasted distribution, indicating that the forecasted seis-
micity is too localized. For KJSS, the two distributions are in closer agreement, though the forecasted seismicity
distribution is slightly over-smoothed.

based on smoothed seismicity (Helmstetter et al., 2007). In the future, the predictive skill of
SHIFT GSRM2f could be improved further with more region-specific calibration of parameters
used to convert strain rates to seismicity rates, as well as further investigation of strain rate
variations in regions just outside of defined active seismic margin boundaries.

Data and Resources

The observation earthquake catalog was obtained from the global CMT earthquake catalog by
the CSEP testing center. All forecast evaluation tests except for the concentration plots were
conducted using miniCSEP, available as open-source software from CSEP.
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A Regionalized Seismicity Model for
Subduction Zones based on Geodetic
Strain Rates, Geomechanical Parameters
and Earthquake-catalog Data

Abstract

The Seismic Hazard Inferred from Tectonics (SHIFT GSRM) earthquake forecast was desi-
gned to provide high-resolution estimates of global shallow seismicity to be used in seismic
hazard assessment. This model combines geodetic strain rates with global earthquake parame-
ters to characterize long-term rates of seismic moment and earthquake activity. SHIFT _GSRM
properly computes seismicity rates in active continental regions. However, it underestimates ear-
thquake rates in subduction zones by an average factor of approximately three. We present a
complementary method to SHIFT GSRM to more accurately forecast earthquake rates in 37
subduction segments, based on the conservation of moment principle and the use of regional
interface seismicity parameters, such as subduction dip angles, corner magnitudes and coupled
seismogenic thicknesses. In seven progressive steps, we find that SHIFT GSRM earthquake-
rate underpredictions are mainly due to the utilization of a global probability function of seismic
moment release that poorly captures the great variability among subduction-zone megathrust
interfaces. Retrospective test results show that the forecast is consistent with the observations
during the 1 January 1977-31 December 2014 period. Moreover, successful pseudo-prospective
evaluations for the 1 January 2015-31 December 2018 period demonstrate the power of the
regionalized earthquake model to properly estimate subduction-zone seismicity.*

!QOriginally published as: Bayona Viveros, J.A., von Specht, S., Strader, A., Hainzl, S., Cotton, F. and
Schorlemmer, D.; 2019. A Regionalized Seismicity Model for Subduction Zones Based on Geodetic Strain
Rates, Geomechanical Parameters, and Earthquake-Catalog Data. Bulletin of the Seismological Society of
America, 109(5), pp.2036-2049. https://doi.org/10.1785/0120190034
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3.1 Introduction

Megathrust earthquakes accounted for approximately 90% of the seismic moment released
worldwide over the last century (Pacheco and Sykes, 1992). Thus, the construction of well-
constrained seismicity models for subduction zones is necessary to more effectively estimate
earthquake and tsunami hazards on a global scale. Until recently, global seismicity models we-
re mainly based on the characterization of seismic sources and extrapolation to the future of
historical and instrumentally-recorded seismicity (e.g. Giardini et al., 1999). Nonetheless, this
method depends on the availability and quality of fault- and earthquake-catalog data. Further-
more, existing seismicity catalogs are too short to sample the largest possible earthquakes along
faults and plate boundaries (Bird and Kreemer, 2015).

Interseismic strain measurements, however, permit to quantify earthquake potential in areas
where seismic sources may still remain unmapped (Bird and Liu, 2007), and currently provide
high-resolution coverage for almost all deforming tectonic plate limits (Kreemer et al., 2014).
Combined with earthquake information, geodetic strain rates are convenient to generate better-
constrained seismicity models to be used for seismic hazard assessment. Whereas strain rates
indicate fault stress accumulation, seismicity rates reveal stress release, so that an optimal
combination between these data sets is desired to more accurately determine moment balance
for long-term earthquake forecasting (Hashimoto et al., 2009; Bird et al., 2015).

The Global Strain Rate Map (GSRM; Kreemer et al., 2003) is a global model of horizontal
velocities, rotation rates and horizontal strain rates on the Earth’s surface primarily obtained
from Global Positioning System (GPS) data, and originally designed to support the creation of
global geodetic-based earthquake models. Bird et al. (2010) converted GSRM to an indefinite-
term earthquake rate model by applying the hypotheses, assumptions and equations of the
Seismic Hazard Inferred From Tectonics (SHIFT; Bird and Liu, 2007) model. The modelers
refer to this product as the SHIFT GSRM seismicity forecast. SHIFT GSRM assumes that
the long-term seismic moment rate of any permanently deforming volume of lithosphere Mcgo
linearly scales with the product of principal geodetic strain rates and global geomechanical ear-
thquake parameters (similar to Kostrov (1974), Ward (1994) and Savage and Simpson (1997).
Accordingly, rates of predicted seismicity are computed by equating the SHIFT GSRM geode-
tic moment rate Mggo with the model seismic moment rate MCMT (integral of the best-fitting
tapered Gutenberg-Richter distribution of observed earthquakes over all moments), and using
actual seismicity rates.

During the 1977-2009.03 period, SHIFT GSRM properly estimates earthquake rates in
seismically-active continental regions (the average ratio between actual and forecasted seis-
micity is & 1). Nonetheless, the model underpredicts seismicity rates within subduction zones
by a mean factor of approximately 3 for the same evaluation period (Bird et al., 2010). The
model’s authors suggest that such discrepancies may stem from the use of inappropriate geo-
metric factors in the moment-rate equation, a time-dependence of global seismic activity and
a velocity-dependence of interface subduction seismicity. Based on these assumptions, Bird
et al. (2010) justify the use of empirical correction factors to improve SHIFT GSRM earth-
quake rates in subduction zones. The corrected SHIFT GSRM forecast was submitted to the
Collaboratory for the Study of Earthquake Predictability (CSEP; Schorlemmer and Gersten-
berger, 2007) testing center for independent retrospective, pseudo-prospective and prospective
evaluation.

Years later, Kreemer et al. (2014) presented a major update of GSRM: the GSRM2.1 model.
GSRM2.1 incorporates almost five times more interseismic GPS velocities, a finer spatial grid
and a more detailed tectonic plate boundaries model. Based on GSRM2.1, Bird and Kreemer
(2015) generated the SHIFT GSRM2f global seismicity forecast, which additionally employs a
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new tectonic regionalization scheme (i.e. Kagan et al., 2010), a spatial smoothing of model strain
rates around offshore plate limits and velocity-dependent coupled thicknesses for continental
convergent boundaries and subduction zones. Despite these improvements, SHIFT GSRM2f
also underpredicts subduction-zone seismicity rates when retrospectively evaluated during the
2005-2012 period. The SHIFT GSRM2f authors sustain that earthquake underestimations are
mainly due to the use of inadequate geometric factors, since the moment-rate equation implicity
assumes that fault planes slip at a mean dip angle of 45°. Although such an approximation
seems to be reasonable on a global scale, it poorly describes mechanical processes occuring
within subduction interfaces at much shallower down-dip angles (23° on average; Heuret et al.,
2011).

Fault-plane orientation plays a significant role in the accomodation of plate motion in inter-
face subduction environments (Bilek and Lay, 2018). Particularly, low-angle subduction dipping
facilitates the transmission of compressive stress to the overriding plate through increased con-
tact area between the plates (Lallemand et al., 2005). Moreover, the strain regime positively
correlates with shallow dip angles (Ruff and Kanamori, 1980), so that the use of specific fault-
dipping angles is required to better constrain geodetic-based estimates of seismic moment and
rates of shallow subduction-zone seismicity.

We thus propose a complementary method to SHIFT GSRM to compute long-term rates of
shallow seismicity within 37 subduction segments, based on the conservation of moment prin-
ciple and the use of regional interface earthquake parameters, such as subduction dip angles,
corner magnitudes and coupled seismogenic thicknesses. We generate seismicity models in seven
progressive steps (seismicity models A-G) to quantify the contribution of each new regional sub-
duction parameter on the computations. Finally, we employ global subduction-zone seismicity
recorded between 1977 and 2014, and from 2015 to 2018 to retrospectively and pseudoprospec-
tively test the consistency of each earthquake-rate model.

3.1.1 Data

We use a global tectonic regionalization scheme (KRS2010; Kagan et al., 2010) to estimate
earthquake rates exclusively in subduction zones. This model divides the surface of the Earth
into five zones of different tectonic styles, based on an algorithm that detects variations of
seismicity parameters, such as seismic coupling and corner magnitude.

We also utilize the Global Strain Rate Model 2.1 presented in a regular longitude/latitude
grid, with a spatial resolution of 0.1°. GSRM2.1 is a global velocity gradient tensor field and
continuous strain rates model for plate boundary zones, based on 22,415 interseismic GPS
velocities (Kreemer et al., 2014). According to this model, about 14% of the Earth’s surface
is allowed to deform and the rest is assumed to be rigid crust, i.e. geodetic strain rates are
considered to be zero in intraplate regions.

We additionally employ the Global CMT catalog to calibrate and test our regionalized tec-
tonic forecasts. We consider all earthquakes with hypocentral depths < 70 km and moment
magnitude threshold mt > 5.66 to assure magnitude completeness (Bird and Kagan, 2004).
Our periods of observation comprise from January 1, 1977 to December 31, 2014 for calibration
and retrospective evaluation, and from January 1, 2015 to December 31, 2018 for pseudo-
prospective testing.
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3.2 Methods

3.2.1 Model A: The raw SHIFT_GSRM earthquake model
SHIFT GSRM is a global seismicity forecast based on the use of geodetic strain rates. This

model computes long-term seismic moment rates Mgro per deforming cell as:
. . 2 €3; if €9 <0 or
MGEO = AS cCz { _9 él; 1f€2 Z 07 (31)
in which Ag is the surface area of each GSRM grid cell, ¢ is the mean seismic coupling
coefficient, z is the seismogenic thickness, p is the average elastic shear modulus, £ 2 is a

geometric factor accounting for the effect of fault dipping, and £, €9, and €3 are the minimum,
intermediate and maximum principal strain rates, respectively.

Principal strain rates are obtained from GSRM by assuming incompressibility (the sum of
the trace of each strain-rate tensor is equal to zero). So, the computation of Mgro is maximum,
because the maximum absolute value of the principal strain rates is always chosen, according
to Eq. 3.1. Also, seismicity parameters are assigned to each cell, based on the tectonic regio-
nalization scheme of Kreemer et al. (2002). This regionalization model separates the Earth’s
crust into five types of plate boundaries by inferring significant variations of tectonic moment
rates from geodetic velocities and Quaternary fault slip rates.

Activity rates N are then obtained by normalizing the estimates of Mggo by the model seismic
moment rate MMT (integral of the best-fitting tapered Gutenberg-Richter distribution of the
appropriate Global CMT subcatalog for each type of plate boundary), and multiplying by the
number of earthquakes N°MT in each subcatalog at or above a magnitude threshold mr:

N(m > mr) = (Maro/MEMT) NCMT (3.2)

In this model, long-term rates of seismic moment and subduction-zone seismicity are com-
puted by using mean global earthquake parameters (see Table 3.1), obtained from < 70 km in-
terface earthquakes recorded during the 01.01.1977-30.09.2002 period (Bird and Kagan, 2004).

Tabelle 3.1: Global earthquake parameters used to compute SHIFT _GSRM estimates for subduction zones.
SHIFT _GSRM computes long-term rates of seismic moment and shallow seismicity, based on the results of
Bird and Kagan (2004).

Seismicity Parameter Global Mean Value

Down-Dip Angle 6 45°
Seismic Coupling Coefficient ¢ 0.69

Seismogenic Thickness z 26 km

Elastic Shear Modulus g 49 GPa

mp > 5.66 Seismicity Rate NMT 79.7 EQa™!
Long-Term Seismic Moment Rate M“MT | 9 x 10?! Nma™!

Beta Value 3 0.64
Corner Magnitude m., 9.58

3.2.2 Model B: A new Global Strain Rate Map

We start with complementing SHIFT GSRM by substituting the Global Strain Rate Map,
used in the seismicity model A, for the updated version GSRM2.1. GSRM2.1 incorporates
more geodetic velocities and thus it offers a higher resolution spatial strain-rate distribution to
more accurately estimate rates of shallow seismicity.
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3.2.3 Model C: A new global regionalization scheme

Our earthquake models aim to contribute to the improvement of global seismicity models, such
as the Global Earthquake Activity Rate (GEARI; Bird et al., 2015) model. GEAR1 is a hybrid
seismicity forecast resulting from the optimized log-linear combination of geodetic strain rates
and smoothed earthquake data. Specifically, GEAR1 uses both the smoothed seismicity model
of Kagan and Jackson (2011) and the SHIFT GSRM2f tectonic forecast of Bird and Kreemer
(2015). SHIFT_GSRM2f, the tectonic parent component of GEARI, is based on the regiona-
lization framework of Kagan et al. (2010). Accordingly, we replace the global regionalization
scheme of Kreemer et al. (2002), employed in the seismicity model B, by the tectonic regiona-
lization model of Kagan et al. (2010) to fairly compare our global subduction-zone earthquake
model with these seismicity forecasts in future work.

3.2.4 Model D: Regional subduction dip angles

We then generalize the moment-rate equation for any fault-dipping angle by applying the
principle of conservation of moment. We express long-term geodetic moment rates per deforming
cell in terms of the down-dip angle 6 as:

€3; iféo <0 or

Mero = As ¢ z 1 f(&){ I (3.3)

The long-term rate of seismic moment release is traditionally modeled as the product of the

seismic coupling coefficient ¢, the mean elastic shear modulus y, the average slip rate D, the
fault length L and the fault width W (Haskell, 1963; Burridge and Knopoff, 1964; Brune, 1968):

MTECT =C U D LW (34)

By assuming that all geodetic deformation is elastic, on the long-term and after several
seismic cycles, the summation of Eq. 3.3 over all cell areas (Ax = 3 Ag) should be equal to Eq.
3.4, so that:

DA
1O) = —— (3:5)

éZAX

where Ap = L W is the source area, Ax = L Wy is the projection to the surface of the
source area and ¢ the spatial-averaged maximum principal strain rate.

Given that Ap = Ax/cos(f) and W cos(f) = Wx (see Fig. 3.1), we write f(0) as:

I p— Call (3.6)

Cé 2z cos(@):ézWX

Additionally, z = W sin(6) and Vi = D cos(6). Hence,

B D B Vx

& Wx sin(d) € cos() sin(f) Wx
In agreement with Bird et al. (2010), we relate the strain rate to the plate velocity by assuming

that the relative horizontal plate velocity Vx is accommodated by differential deformation at

the surface within a distance X. The main deformation is expected to occur on top of the

coupled zone within distance Wy, but minor deformation also occurs beyond this zone leading
to X > Wx. Consequently, the strain rate can be estimated by ¢ = Vx /X < Vx/Wx. Thus, Eq.

f(0)

(3.7)
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Abbildung 3.1: Geo-mechanical parameters defining the subduction plate interface seismogenic zone geometry.
Modified from Heuret et al. (2011).

3.7 becomes:

1
) > —————
f6) = cos() sin(6)
By substituting the lower bound f(6) =1 /cos(f) sin(f) in Eq. 3.3, we present a fault dip-

dependent equation to compute geodetic-based rates of seismic moment release per subduction
zone:

(3.8)

(3.9)

. A .‘ o .
Moo — xczu{ gq;  iféy <0 or

cos(f) sin(f) | —&1;  iféy > 0.

Note that we verified the derived dip-dependence by numerical simulations, in which we
modeled the coupling by backslip on a subduction interface with different dip angles in an
elastic half-space.

For our computations, we use regional subduction dip angles obtained from the trench seg-
mentation model proposed by Heuret et al. (2011) (see Fig. 3.2). We exclude subduction zones
for which not all needed regional earthquake parameters have been reported yet (e.g. Cascades,
Sandwich or Aegean).

Heuret et al. (2011) determined the geometry of the seismogenic zone, particularly the dip
angle 6 and the seismogenic depth zg, by assuming that it coincides with the distribution of
shallow (< 70 km) and intermediate-magnitude (5.5 < my, < 7.0) subduction thrust earth-
quakes (i.e. Pacheco et al., 1993). These authors used both the 1976-2007 CMT Harvard (i.e.
Dziewonski et al., 1981; Ekstrom et al., 2012) and the EHB (i.e. Engdahl et al., 1998) earth-
quake catalogs to identify m,, > 5.5 subduction earthquakes and improve the location of each
identified interface event, respectively.

Based on the estimations of Heuret et al. (2011), we use mean regional down-dip angles 6
(see Table 3.2) to quantify the kinematic contribution of the rupture-plane orientation to global
estimates of seismic moment rate MGEO. Whereas the apparent seismic coupling coefficient ¢,
the seismogenic thickness z and the elastic shear modulus g remain global (Table 3.1), we vary
down-dip angles within each subduction zone.
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Abbildung 3.2: Subduction zones considered in this study to compute rates of mr > 5.66 shallow seismicity,
based on the trench segmentation proposed by Heuret et al. (2011). In our model, we rename Manila-Taiwantt-
he subduction zone referred as Manila"by the model’s authors, Tohokuthe subduction zone previously called
"Japan', Colombia-Ecuadorthe trench formerly labeled as Colombia", and we exchange Cocosfor Costa Rica'(see
Table 3.2). We also present maximum principal strain rates used to compute long-term estimates of seismic
moment release per subduction interface, according to Eq. 3.9
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3.2.5 Model E: Regional estimates of elastic shear modulus

Next, we propose a method to compute regional estimates of elastic shear modulus ps, based on
the ak135-f velocity reference Earth model (i.e. Kennett et al., 1995). Such a method consists
of first calculating the elastic shear modulus p; at any depth z; by multiplying the square of
the corresponding shear-wave velocity vg; by the density p;, at such depth as:

pi = vg; i (3.10)

We then estimate mean weighted values of elastic shear modulus per subduction interface as:
Z iz

s = = (3.11)

- n
=1

in which n is the number of ak135 layers between the upper U, and lower D, boundaries
of each seismogenic zone (see Table 3.2). Finally, we substitute the mean global elastic shear
modulus ¢ = 49 GPa (Bird and Kagan, 2004), used in the seismicity model D, for these mean
regional estimates of elastic rigidity (see Fig. 3.5 and Table 3.5) to analyze the effect of this
parameter on the estimation of subduction-zone earthquake rates.

3.2.6 Model F: Regional long-term rates of seismic moment release

Starting from the seismicity model E, we replace the global model seismic moment rate A/MT

with regional estimates of seismic moment release Mggrs for each subduction-zone interface,
based on the results of Kagan and Jackson (2016). Kagan and Jackson (2016) provide regional
 values and corner magnitudes me, (see Table 3.2) for 18 subduction segments. Moreover,
they introduce a theoretical moment-rate equation described by the Gamma distribution with
parameters 3 and M., to model frequency-moment distributions of instrumentally-recorded
subduction-zone seismicity observed from 1977 to 2014:

N(m > mr) My $
1-p
In Eq. 3.12, My is the threshold seismic moment corresponding to the lower magnitude
threshold mt = 5.66 (i.e. Hanks and Kanamori, 1979), (3 is the asymptotic spectral slope of
the earthquake distribution, M, is the corner moment, I' is the gamma distribution and &, is
a correction coefficient ~ 1, if M., > M.

Mggrs =

ML T(2— 8) & (3.12)

For this earthquake model, we group together some of the Heuret et al. (2011) subduction
segments (e.g. Southwestern Aleutians, Central Aleutians, Eastern Aleutians, Western Alaska
and Eastern Alaska) to relate them to the Kagan and Jackson (2016) subduction interfaces
(e.g. Aleutian arc). Additionally, we assume that Eqgs. 3.9 and 3.12 are equal on the long-term,
based on the conservation of moment principle. So, we introduce a new equation to estimate
predicted rates of shallow seismicity per subduction zone:

(1_5>AXCZ,US€

N —
(m > mr) M{ B ML T(2— B) € cos(6) sin(6)

(3.13)

Eq. 3.13 is an innovative approach to forecast subduction-zone earthquake activity N, because
long-term estimates of shallow interface seismicity are obtained not only from earthquake data
(B, My, M), but also from geomechanical (Ax, ¢ z, s, ) and geodetic information (¢).
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Tabelle 3.2: Mean regional interface-earthquake parameters used in this study. We estimate regional seismic
moment rates Mgro, theoretical rates of seismic moment release Mggis and mt > 5.66 shallow subduction-zone
seismicity by employing interface-earthquake parameters obtained from (Heuret et al., 2011) and Kagan and
Jackson (2016).

# Subduction Zone 01°] | zslkm] | U,[km] | D,[km] 54 Mg

1 Northern Tonga 21 34 8 42 0.801 £ 0.039 | 9.128 £ 0.277
2 Southern Tonga 31 41 4 45 0.801 + 0.039 | 9.128 4+ 0.277
3 Northern Kermadec 23 43 10 53 0.801 4+ 0.039 | 9.128 £ 0.277
4 Southern Kermadec 29 58 6 64 0.801 + 0.039 | 9.128 4+ 0.277
5 | Southern New-Hebrides | 31 43 10 53 0.595 4+ 0.032 | 8.939 + 0.277
6 D’Entrecasteux 22 28 14 42 0.595 £ 0.032 | 8.939 £ 0.277
7 | Northern New-Hebrides | 33 54 10 64 0.595 + 0.032 | 8.939 4+ 0.277
8 Solomon 24 35 11 46 0.593 £ 0.031 | 8.947 4+ 0.277
9 Bougainville 33 53 10 63 0.593 + 0.031 | 8.947 4+ 0.277
10 New Britain 22 46 17 63 0.593 + 0.031 | 8.947 4+ 0.277
11 Java 13 42 15 57 0.661 + 0.044 | 9.582 4 0.280
12 Sumatra 11 33 20 53 0.731 £ 0.063 | 9.345 4 0.286
13 Andaman 9 39 11 50 0.731 £ 0.063 | 9.345 4 0.286
14 Taiwan-Manila 24 40 12 52 0.645 £ 0.069 | 9.192 £ 0.292
15 Southern Ryukyu 32 38 12 50 0.667 £ 0.096 | 9.814 £+ 0.307
16 Northern Ryukyu 16 33 20 53 0.667 £+ 0.096 | 9.814 4+ 0.307
17 Marianas 28 43 8 51 0.854 + 0.095 | 9.888 4+ 0.297
18 Izu-Bonin 20 35 10 45 0.854 + 0.095 | 9.888 4+ 0.297
19 Nankai 10 23 12 35 0.667 £ 0.096 | 9.814 4+ 0.307
20 Tohoku 18 50 10 60 0.646 £ 0.031 | 9.296 4 0.277
21 Southern Kuril 22 38 16 54 0.646 + 0.031 | 9.296 4+ 0.277
22 Northern Kuril 26 41 10 51 0.646 £+ 0.031 | 9.296 £ 0.277
23 Kamchatka 27 50 11 61 0.646 £ 0.031 | 9.296 4+ 0.277
24 | Southwestern Aleutians | 31 37 11 48 0.662 £ 0.043 | 9.367 £ 0.280
25 Central Aleutians 35 42 14 56 0.662 £ 0.043 | 9.367 £ 0.280
26 Eastern Aleutians 33 40 10 50 0.662 + 0.043 | 9.367 £+ 0.280
27 Western Alaska 24 37 18 55 0.662 + 0.043 | 9.367 £ 0.280
28 Eastern Alaska 15 47 7 54 0.662 4+ 0.043 | 9.367 + 0.280
29 Mexico 24 30 11 41 0.591 £ 0.051 | 9.132 4 0.284
30 Cocos 14 34 14 48 0.638 £ 0.054 | 9.219 4 0.285
31 Costa-Rica 28 48 15 63 0.591 + 0.051 | 9.132 4 0.284
32 Antilles 12 34 14 48 0.646 + 0.093 | 9.369 + 0.307
33 Colombia-Ecuador 20 39 11 50 0.638 £ 0.054 | 9.219 £ 0.285
34 Northern Peru 17 34 10 44 0.571 £ 0.038 | 9.681 £ 0.279
35 Southern Peru 24 33 10 43 0.571 £ 0.038 | 9.681 4 0.279
36 Northern Chile 22 39 12 51 0.571 £ 0.038 | 9.681 £ 0.279
37 Southern Chile 14 45 5 50 0.571 + 0.038 | 9.681 £+ 0.279

3.2.7 Model G: Regional hybrid coupled thicknesses

Coupled thicknesses cz employed for SHIFT GSRM computations are based on seismicity
data (Bird and Kagan, 2004). Nonetheless, the calibration of coupling coefficients based on
instrumentally-recorded seismicity can be either under- or overestimated, since the rate of
seismic moment is dominated by the occurence of the largest events, with recurrence times
usually much larger than observation periods. Accordingly, we calibrate hybrid (geodetic- and
seismicity-based) coupled thicknesses cy to better capture the long-term effect of earthquake
forecasting within subduction margins. For this aim, we first use regional seismogenic depths
zs, defined from the upper boundary U, to the lower limit D, of the seismogenic zone (see
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3.1), obtained from Heuret et al. (2011). Whereas Bird and Kagan (2004) use a mean global
seismogenic thickness for subduction zones z ~ 26 km, we employ seismogenic depths with a
considerably larger mean value of 40 km (see Table 3.2), in agreement with the 49 km + 11 km
reported by Pacheco et al. (1993).

We then use actual mt > 5.66 earthquake rates NS recorded from 1977 to 2014 in each
subduction zone to solve for hybrid coupling coefficients cy as:

N MEBMEPT(2 - B) &, cos(f) sin(0)
e (1= B) Ax 2 s €

We consider that corner magnitudes M, and their corresponding standard deviations (i.e.
Kagan and Jackson, 2016) predominantly control the variability of each cy. Therefore, we report
mean hybrid coupling coefficients and 90% confidence ranges (see Fig. 3.5 and Table 3.5). Also,
estimates of hybrid coupling per fault area cg may be larger than the unity, because earthquakes
employed for calibration could actually have ruptured the same area more than once. For these
scenarios, we finally set mean hybrid coupling coefficients to 1.0.

(3.14)

3.2.8 Model evaluation: N-test

The N-test determines if the forecasted number of earthquakes in a test region is consistent
with the observed number of earthquakes. This test assumes that earthquakes within each 0.1°
x 0.1° grid cell, subdivided by 0.1 magnitude bins, are independent and thus seismicity rates
are considered to be Poisson distributed (Schorlemmer et al., 2007; Zechar and Rhoades, 2010).
Each study region (in this case each subduction zone) contains a set of n spatial cells. Each cell
i contains a forecasted number of earthquakes \;. Accordingly, the total earthquake forecast in
a subduction zone is the sum of the forecasted number of events in all cells:

Niore = Z Yy (3.15)
i=1

Similarly, each cell also contains a number of earthquakes w;. The total number of earthquakes
in a subduction zone is subsequently the sum of the observed number of earthquakes in all cells:

N, =3 w (3.16)

For each seismicity model, we compute the test metric d; to describe the probability of
observing at most w earthquakes, according to the forecasted rate \. d5 is based on the right-
continuous Poisson cumulative distribution with expectation A and evaluated at k as:

w )\k
6y = F(Ng|Nigre) = Y = (3.17)
k!
k=0
Moreover, we calculate the probability of observing at least w earthquakes as:
0 =1—F((Ns —1)|Niore) (3.18)

The N-test is two-tailed because a forecast can be inconsistent with observed seismicity
by either over- or underpredicting the total number of events. CSEP forecasting experiments
typically define the significance level as 0.05, so that the criteria to evaluate earthquake-model
consistencies are:
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o If 97 < 0.025: The earthquake model underpredicts observed seismicity.
o If 05 < 0.025: The earthquake model overestimates actual seismicity.

e If 97 > 0.025 and 95 > 0.025: The earthquake forecast is consistent with recorded seismi-
city.

The calibration of regional earthquake parameters is carried out by using interface seismicity
observed until 31 December, 2014. Thus, we finally employ shallow subduction-zone earthquakes
recorded during the 1 January, 1977-31 December, 2014 and 1 January, 2015-31 December, 2018
periods to retrospectively and pseudoprospectively evaluate the consistency of each earthquake
forecast for subduction zones.

3.3 Results and Discussion

Retrospective and pseudoprospective test results show that the seismicity model G better de-
scribes subduction-zone seismicity, in comparison with the reference earthquake model A (see
Figs. 3.3 and 3.4, and Tables 3.3 and 3.4). For the retrospective test period, the consistency
between the forecast and observations is unsurprising, because we calibrated hybrid coupling
coefficients cy from actual interface seismicity rates N (Eq. 3.14). Nonetheless, successful pseu-
doprospective test results reveal the forecasting capability of the regionalized seismicity model.
Earthquake-model improvements primarily stem from the use of regional estimates of seis-
mic moment Mggs computed by Kagan and Jackson (2016). According to retrospective and
pseudo-prospective evaluations, the seismicity model F yields ratios of observed and predicted
seismicity with mean factors of 0.60 and 0.57, respectively. These improvements consequently
indicate that the employment of a global model seismic moment rate MMT for all subduction
zones (see Table 3.1) is the major reason for raw SHIFT GSRM earthquake underestimations.

Bird and Kagan (2004) computed such a global probability function of seismic moment relea-
se for subduction zones M®MT by fitting a magnitude-frequency distribution of global interface
events and integrating over all moments. This global approximation, however, does not pro-
perly scale with geodetic moment rates Mcro in Eq. 3.1 and thus it regionally underestimates
subduction-zone seismicity. These results reveal the great variability among subduction zones
reported by other authors (e.g. Ruff and Kanamori, 1980; Pacheco et al., 1993; Scholz and
Campos, 2012), and exhibit the apparent non-proportionality observed between rates of seis-
mic moment and seismicity discussed in other studies (e.g. Gutenberg and Richter, 1944; Heuret
et al., 2011; Ide, 2013).
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Abbildung 3.3: Cumulative distributions of the ratios between observed and forecasted seismicity, according
to seven earthquake models presented in this study. We use actual subduction-zone seismicity observed from 1
January, 1977 to 31 December, 2014 to retrospectively test the consistency of each earthquake model within 37
subduction zone interfaces.
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Abbildung 3.4: Cumulative distributions of the ratios between actual and forecasted seismicity, according
to seven earthquake models A—G. We employ subduction-zone events recorded during the 1 January 1, 2015-
31 December, 2018 period to pseudoprospectively evaluate the consistency of each seismicity forecast within
subduction zones.
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Tabelle 3.3: mt > 5.66 observed N and predicted (seismicity models A-G) earthquakes in 37 subduction
zones during the retrospectively test period. The retrospective evaluation period comprises from 1 January 1977
to 31 December 2014.

# Subduction Zone N A B C D E F G

1 Northern Tonga 171 | 53.3 | 103.6 | 72.6 | 108.5 | 141.1 | 1149.2 | 171.0
2 Southern Tonga 119 | 384 | 63.9 | 414 | 46.9 | 58.1 | 472.9 | 119.0
3 Northern Kermadec 8 | 16.0 | 182 | 13.7| 19.1 | 26.3 | 2144 | 86.0
4 Southern Kermadec 178 | 220.1 | 295.2 | 25.8 | 30.4 | 40.7 | 331.2 | 178.0
5 | Southern New-Hebrides | 205 | 33.3 | 36.9 | 28.6 | 32.4 | 44.7 | 114.2 | 205.0
6 D’Entrecasteux 135 21.2 | 22.0 | 21.8 | 314 | 44.3 | 113.1 | 135.0
7 | Northern New-Hebrides | 179 | 17.2 | 23.1 | 19.6 | 21.4 | 30.0 76.4 | 179.0
8 Solomon 109 | 255 | 30.1 | 243 | 326 | 449 | 111.6 | 109.0
9 Bougainville 70 | 14.5 | 25.0 | 18.7 | 20.5 | 28.6 71.2 70.0
10 New Britain 212 | 33.2 | 36.6 | 24.8 | 35.6 | 524 | 1304 | 212.0
11 Java 70 | 47.3 | 50.0 | 38.3 | 87.3 | 126.0 | 239.6 | 70.0
12 Sumatra 167 | 35.1 | 43.2 | 34.5 | 92.0 | 136.7 | 494.7 | 167.0
13 Andaman 170 | 186 | 27.9 | 28.6 | 92.6 | 128.2 | 556.3 | 170.0
14 Taiwan-Manila 171 | 69.7 | 143.9 | 8.2 | 114.7 | 160.6 | 426.5 | 171.0
15 Southern Ryukyu 40 | 31.6 | 41.2 | 246 | 27.3 | 38.2 58.7 40.0
16 Northern Ryukyu 70 | 582 | 62.3 | 42.7 | 80.6 | 119.6 | 183.8 | 70.0
17 Marianas 68 | 299 | 60.6 | 37.1 | 44.8 | 59.8 | 423.7 | 68.0
18 Izu-Bonin 126 | 43.8 | 47.6 | 38.6 | 60.0 | 81.5 | 577.6 | 126.0
19 Nankai 68 | 33.9 | 43.5 | 33.8 | 98.8 | 132.4 | 203.4 | 68.0
20 Tohoku 271 | 46.9 | 52.2 | 35.5 | 60.5 | 84.1 | 198.3 | 271.0
21 Southern Kuril 169 | 36.4 | 40.7 | 34.2 | 49.2 | 71.7 | 168.9 | 169.0
22 Northern Kuril 51 | 19.8 | 20.6 | 17.7 | 224 | 30.8 72.5 51.0
23 Kamchatka 90 | 30.5 | 29.8 | 27.8 | 344 | 48.2 | 113.6 | 90.0
24 | Southwestern Aleutians | 70 | 127.7 | 161.8 | 15.9 | 18.0 | 24.8 61.2 70.0
25 Central Aleutians 119 | 21.2 | 19.0 | 179 | 19.0 | 27.2 67.1 | 119.0
26 Eastern Aleutians 66 | 25.2 | 234 | 232 | 254 | 34.9 86.0 66.0
27 Western Alaska 27 | 21.3 | 22.7 | 189 | 254 | 37.7 93.1 27.0
28 Eastern Alaska 24 | 258 | 349 [ 178 | 354 | 47.0 | 116.0 | 24.0
29 Mexico 137 | 46.0 | 48.4 | 59.8 | 80.5 | 109.2 | 206.3 | 137.0
30 Cocos 150 | 34.6 | 36.5 | 33.5 | 71.5 | 101.5 | 246.9 | 150.0
31 Costa Rica 60 | 26.3 | 23.9 | 22.7 | 274 | 39.6 74.8 60.0
32 Antilles 20 3.8 4.5 79 | 193 | 27.5 59.2 20.0
33 Colombia-Ecuador 31 | 136 | 10.8 | 15.9 | 24.7 | 34.2 83.1 31.0
34 Northern Peru 26 | 194 | 19.3 | 26.0| 464 | 629 45.0 26.0
35 Southern Peru 50 | 23.8 | 154 | 24.8| 33.3 | 45.0 32.2 50.0
36 Northern Chile 253 | 58.9 | 51.2 | 61.1 | 87.9 | 123.0 | 88.0 | 190.7
37 Southern Chile 14 | 18.7 | 14.0 | 21.1 | 45.0 | 57.6 41.2 14.0
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Tabelle 3.4: mr > 5.66 recorded Ny and forecasted (earthquake models A—G) seismicity in 37 subduction
zones during the pseudo-prospective test period. The pseudo-prospective evaluation period comprises from 1
January 2015 to 31 December 2018.

# Subduction Zone Ny | A B C D E F G

1 Northern Tonga 241 56 [109 |76 | 114|149 | 121.0 | 18.0
2 Southern Tonga 8 | 41 | 6.7 |44] 49 | 6.1 | 49.8 | 12,5
3 Northern Kermadec 7T 117 |19 | 15] 20 | 28 | 226 | 9.1
4 Southern Kermadec 21 1232 (31.1 27| 32 | 4.3 | 349 | 18.7
5 | Southern New-Hebrides | 28 | 3.5 | 3.9 | 3.0 | 3.4 | 4.7 | 12.0 | 21.6
6 D’Entrecasteux 18 22 | 23 (23| 33 | 47 | 119 | 14.2
7 | Northern New-Hebrides | 8 1.8 1 24 |21 23 | 3.2 81 | 18.9
8 Solomon 24 | 2.7 | 32 |26 3.4 | 47 | 11.8 | 11.5
9 Bougainville 8 | 1.5 | 26 |20] 2.2 | 3.0 7.5 7.4
10 New Britain 31135 |39 |26 38 | 55 | 13.7 | 223
11 Java 5150 ] 53 [40] 9.2 | 133 252 | 74
12 Sumatra 12| 3.7 | 45 | 3.6 9.7 | 144 | 52.1 | 17.6
13 Andaman 5120 (29 [30] 9.8 | 13.5| 586 | 17.9
14 Taiwan-Manila 14| 73 | 15.1]9.0]12.1|16.9| 44.9 | 18.0
15 Southern Ryukyu 4 | 33|43 26| 29 | 40 | 6.2 | 4.2
16 Northern Ryukyu 13161 |66 45| 85 |126| 193 | 74
17 Marianas 11| 31| 64 |39 47 | 63 | 446 | 7.2
18 Izu-Bonin 18| 46 | 5.0 | 41] 6.3 | 86 | 60.8 | 13.3
19 Nankai 7136 | 46 36104139 | 214 | 7.2
20 Tohoku 26 | 49 | 55 | 3.7 64 | 89 | 20.9 | 285
21 Southern Kuril 6 | 38 | 43 | 36| 5.2 | 76 | 17.8 | 17.8
22 Northern Kuril 7121 |22 (19| 24 | 3.2 7.6 5.4
23 Kamchatka 713231 21|36 | 51| 12.0 | 9.5
24 | Southwestern Aleutians | 7 | 13.4 | 17.0 | 1.7 | 1.9 | 2.6 6.5 7.4
25 Central Aleutians 13 22 | 20 |1.9] 20 | 2.9 7.1 | 125
26 Eastern Aleutians 7T 27 | 25 |24 2.7 | 3.7 9.1 7.0
27 Western Alaska 4 | 22124 20| 27 | 4.0 9.8 2.8
28 Eastern Alaska 1 27 1 3.7 119 3.7 | 5.0 | 122 | 2.5
29 Mexico 20 49 | 51 | 63| 85 |11.5 | 21.7 | 14.4
30 Cocos 12| 36 | 39 | 35| 7.5 | 10.7] 26.0 | 15.8
31 Costa Rica 2 | 28 | 25 |24] 29 | 42 7.9 6.3
32 Antilles 6 | 04 | 05 08| 2.0 | 29 6.2 2.1
33 Colombia-Ecuador 15| 14 | 1.1 | 1.7 26 | 3.6 8.8 3.3
34 Northern Peru 1 20 | 20 | 27| 49 | 6.6 4.7 2.7
35 Southern Peru 6 | 25 | 1.6 |26] 3.5 | 4.7 3.4 5.3
36 Northern Chile 441 6.2 | 54 | 64| 93 |13.0] 9.3 | 20.1
37 Southern Chile 1 120 | 15 22| 47 | 6.1 4.3 1.5
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We then present mean estimates of hybrid coupling coefficient cy that average out the spatial
variability of coupling degree along each subduction segment (see Fig. 3.5 and Table 3.5). Ad-
ditionally, we summarize differences between mean seismic coupling coefficients obtained for 37
subduction zones by Heuret et al. (2011) and in this study. Heuret et al. (2011) computed esti-
mates of ¢ by taking the ratio between the average seismic slip rate D estimated from m., > 7.0
earthquakes recorded during the 1900-2007 period and the mean subduction velocity V; (Fig.
3.1) obtained from global plate models. In contrast, we constrain hybrid coupling coefficients
by efficiently combining geodetic strain rates, earthquake-catalog data and geomechanical in-
formation (Eq. 3.14). As a result, we detect the largest discrepancies between our estimates of
coupling and Heuret’s in the Eastern-Alaska, Southern-Chile and Andaman subduction zones,
in which giant earthquakes have taken place during the last century (i.e. Christensen and Beck,
1994; Lomnitz, 2004; Stein and Okal, 2005). Furthermore, we identify significant variations for
the Northern-Chile and Tohoku interfaces, where megathrust events (i.e. Vigny et al., 2011; Si-
mons et al., 2011) occurred after the sampling period used by Heuret et al. (2011) to determine
c. Thus, we interpret these differences to be due to effects of data sampling and the occurrence
of megathrust earthquakes.
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Southern Tonga o ns [GPal -y ) Southern Tonga
Northern Kermadec O 10 < Northern Kermadec
Southern Kermadec (@) S Southern Kermadec
Southern New-Hebrides @) 72.0 B — A— Southern New-Hebrides
D'Entrecasteux 0] 0.9 —_— D'Entrecasteux
Northern New-Hebrides @) D —— a— Northern New-Hebrides
Solomon @) D — Solomon
Bougainville @) 70.5 0.8 —S— Bougainville
New-Britain [ ] B A—— New-Britain
Java Q - Java
Sumatra [ ] oS- Sumatra
Andaman O 69.0 0.7 - Andaman
Taiwan-Manila O -2 Taiwan-Manila
Southern Ryukyu O —— Southern Ryukyu
Northern Ryukyu () 0.6 —-S— Northern Ryukyu
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Nankai (@) 05 —— Nankai
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Abbildung 3.5: Mean regional earthquake parameters computed in this study. On the left hand side, we present
as circles mean weighted elastic shear moduli pg, obtained from Egs. 3.10 and 3.11. Additionally, we show regional
seismogenic thicknesses zs, defined from the upper U, to the lower D, bondaries of the seismogenic zone, as
grey thick bars. On the right hand side, we report mean long-term hybrid coupling coefficients cy (circles) with
their corresponding standard deviations (thin black bars).
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Tabelle 3.5: Mean regional earthquake parameters computed in this study. We also include seismic coupling
coefficients ¢ estimated by Heuret et al. (2011) to compare both methods to calibrate seismic locking for

subduction interfaces.

# Subduction Zone c cn us|GPal
1 Northern Tonga 0.04 | 0.08 [0.07 - 0.10] 64
2 Southern Tonga 0.12 | 0.11 [0.09 - 0.13] 61
3 Northern Kermadec | 0.20 | 0.17 [0.14 - 0.20] 68
4 Southern Kermadec | 0.01 | 0.17 [0.14 - 0.20] 66
5 | Southern New-Hebrides | 0.11 | 0.75 [0.51 - 1.00] 68
6 D’Entrecasteux 0.14 | 0.77 [0.52 - 1.00] 69
7 | Northern New-Hebrides | 0.08 | 0.78 [0.53 - 1.00] 68
8 Solomon 0.11 | 0.50 [0.34 - 0.74] 67
9 Bougainville 0.19 | 0.33 [0.23 - 0.49] 68
10 New Britain 0.20 | 0.64 [0.43 - 0.94] 72
1 Java 0.32 | 0.13[0.09-0.17] | 71
12 Sumatra 0.22 | 0.15 [0.12 - 0.20] 73
13 Andaman 0.98 | 0.14 [0.11 - 0.18] 68
14 Taiwan-Manila 0.02 | 0.18 [0.13 - 0.26] 69
15 Southern Ryukyu 0.14 | 0.32 [0.23 - 0.46] 68
16 Northern Ryukyu 0.04 | 0.21 [0.15 - 0.30] 73
17 Marianas 0.02 | 0.07 [0.06 - 0.08] 65
18 Izu-Bonin 0.05 | 0.11 [0.10 - 0.13] 67
19 Nankai 0.22 | 0.26 [0.18 - 0.37] | 66
20 Tohoku 0.24 | 0.49 [0.35 - 0.69] 68
21 Southern Kuril 0.68 | 0.47 [0.34 - 0.66] 71
22 Northern Kuril 0.26 | 0.31 [0.22 - 0.43] 67
23 Kamchatka 1.00 | 0.29 [0.20 - 0.40] 69
24 | Southwestern Aleutians | 0.70 | 0.56 [0.40 - 0.77] 68
25 Central Aleutians 0.79 | 0.76 [0.55 - 1.00] 70
26 Eastern Aleutians 0.12 | 0.35 [0.25 - 0.48] 67
27 Western Alaska 0.10 | 0.14 [0.10 - 0.20] 73
28 Eastern Alaska 1.00 | 0.08 [0.06 - 0.11] 65
29 Mexico 0.43 | 0.40 [0.27 - 0.60] 66
30 Cocos 0.05 | 0.32 [0.23 - 0.46] 70
31 Costa Rica 0.03 | 0.30 [0.20 - 0.45] 71
32 Antilles 0.08 | 0.18 [0.12 - 0.26] 70
33 Colombia-Ecuador 0.58 | 0.17 [0.12 - 0.25] 68
34 Northern Peru 0.02 | 0.31 [0.20 - 0.46] 66
35 Southern Peru 0.28 | 0.85 [0.56 - 1.00] 66
36 Northern Chile 0.59 | 1.00 [0.88 - 1.00] 69
37 Southern Chile 1.00 | 0.14 [0.09 - 0.21] 63

Our computations of seismic coupling suggest that large earthquakes in subduction zones
like New-Hebrides, Peru and New-Britain are expected in order to compensate for the elastic
rebound. Moreover, these estimates serve as first insights of long-term mean coupling within
some subduction interfaces like Solomon, Antilles and Marianas. Future improvements in the
calibration of cyg will be achieved either with the acquisition of more earthquake-catalog data or
with more precise kinematic inversions of interseismic geodetic data used to further regionalize
the earthquake model.
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We also discover that the regionalization of elastic shear moduli ps, implemented in the
seismicity model E, noticeably reduces earthquake-rate underestimations within subduction
zones (see Figs. 3.3 and 3.4). The cycle of strain accumulation and stress release within these
tectonic margins involves both crustal and manle rocks, so that the optimal method to average
their elastic shear moduli remains rather unclear. Therefore, we propose an alternative scheme
to compute mean weighted regional rigidity values pg, based on the ak135-f global velocity
reference model of Kennett et al. (1995) (Egs. 3.10 and 3.11). Our estimates of regional y are
significantly larger than the uncertain mean global yu = 49 4+ 21 reported by Bird and Kagan
(2004) (see Table 3.5 and Fig. 3.5). Interestingly, these values well fit the upper uncertainty limit
of such global estimate, are in agreement with other studies exploring rigidity variations with
depth in subducting slabs (Bilek and Lay, 1999; Ji et al., 2010), and also minimize the epistemic
uncertainities associated with the calibration of hybrid coupling coefficients cy, according to
sensitivity analyses carried out in this study.

We moreover find that the employment of regional subduction dip angles, a new regionali-
zation scheme and an updated version of GSRM (seismicity models B-D) are insufficient to
significantly reduce SHIFT GSRM earthquake underestimations within subduction zones (see
Figs. 3.3 and 3.4). The inclusion of specific subduction dip angles into the seismicity model D,
for instance, slightly improves earthquake underpredictions to mean retrospective and pseudo-
prospective values of 2.08 and 1.99. These improvements are mainly due to the contribution
of the fault-plane orientation on long-term estimates of seismic moment rate for low-angle
subduction zones. Within shallow megathrust interfaces such as Andaman, Nankai or Java,
computations of Mgpo increase 69%, 66% and 56% by only including f(6) into the moment-
rate Eq. 3.9. In contrast, rates of seismic moment release calculated for steep subduction zones
(e.g. Central Aleutians, Northern New-Hebrides or Southern Tonga) remain almost invariant
after to applying geometric adjustment factors. Although f(6) (Eq. 3.8) is the minimum cor-
rection factor needed to account for geometric effects in earthquake forecasting, we analytically
demonstrate that the suggested use of specific fault-dipping angles (i.e. Bird et al., 2010; Bird
and Kreemer, 2015) does not fully solve the problem of SHIFT GSRM underestimation factors
in subduction zones.

We additionally observe that the incorporation of the global regionalization scheme of Kagan
et al. (2010) into the seismicity model C detectably increases the ratios of actual and predicted
interface earthquakes. This regionalization model uses global seismicity to define tectonic zones
based on variations of earthquake parameters such as corner magnitude and seismic coupling.
Distinctively, the global regionalization framework of Kreemer et al. (2002), utilized to construct
the seismicity model B, computes tectonic moment rates from geodetic velocities and rates of
Quaternary fault slip. Thus, we interpret that minor differences between seismicity models B
and C are due to the use of earthquake-catalog data and geodetic strain rates to distinguish
subduction-zone margins. Geodetic measurements of the interseismic period provide a more
robust comprehension of the plate interface than seismicity does (Scholz and Campos, 2012).
However, we utilize the global regionalization scheme of Kagan et al. (2010) for seismicity models
C-G to fairly compare estimates of subduction-zone seismicity with other global earthquake
models like SHIFT GSRM2f and GEARI in future work.

We furthermore report that the use of GSRM2.1 in the seismicity model B shifts the ratios
of actual and forecasted interface seismicity to mean values of 2.44 and 2.33, according to retro-
spective and pseudo-prospective evaluations. Similar results have previously been described for
SHIFT GSRM2f (i.e. Bird and Kreemer, 2015), which based on GSRM2.1 also underpredicts
rates of subduction-zone earthquake activity, despite the incorporation of a higher resolution
strain-rate model.
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Tabelle 3.6: N-test results for earthquake models A—G during the 1 January 1977—31 December 2014 retro-

spective period. Here, ¥ stands for underestimation, A for overprediction, and v for consistency.
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Tabelle 3.7: N-test results for seismicity models A—G during the 1 January 2015—31 December 2018 pseudo-
prospective period. Here, ¥ stands for underestimation, A for overprediction, and s for consistency.

# Subduction Zone A|B|C|D|E|F |G
1 Northern Tonga VI V| V|V V| A|X
2 Southern Tonga * [ K[k |k | k| A| KX
3 Northern Kermadec V| V| V|V | V| A|X
4 Southern Kermadec * | % | V|V |V |A|lX
5 | Southern New-Hebrides | ¥ | V | V | V | ¥V | V | %
6 D’Entrecasteux VIV VIV IV | %|%
7 | Northern New-Hebrides | ¥ | ¥V | ¥V | ¥V | ¥V | 5% | A
8 Solomon vV V| Vv Vv Vv Vv v
9 Bougainville VIV V|V V| %|%
10 New Britain vV V| V| V|V |V %
11 Java * [k | K [k | A | A|K
12 Sumatra VI V|V % | % | A| %
13 Andaman Y [ % | % | Kk | A | A| A
14 Taiwan-Manila Vi % | % | % || A | %
15 Southern Ryukyu L AR 4R A0 4B dh d ¢
16 Northern Ryukyu VI V|V % | % |%|%
17 Marianas Vi % | V|V % | A | %
18 Izu-Bonin VI V| V|V | V| A|X
19 Nankai Y % [ K| x| | A | KX
20 Tohoku VI V| V|V |V % %
21 Southern Kuril Y [ % | % | K% | K| A| A
22 Northern Kuril VIV VIV % |%|%
23 Kamchatka X |k [k | K| K| k| K
24 | Southwestern Aleutians | % | A | V [ V | ¥V | % | %
25 Central Aleutians VI V|V V|V % %
26 Eastern Aleutians VI VI V|V % | % | %
27 Western Alaska Y A 4B 4B 4B dh dB ¢
28 Eastern Alaska * % | K [ K| k| A | K
29 Mexico VIV VIV |V | %|%
30 Cocos VI V|V % | %| A | X%
31 Costa-Rica Y | % | K |k [k | A | K
32 Antilles V|V V|V % | %|V
33 Colombia-Ecuador VI V| V| V|V % |V
34 Northern Peru * [ h | K[k | AKX | K
35 Southern Peru * |V % [ % | % | & | X
36 Northern Chile v vV V| iV V| V|V
37 Southern Chile Y [ % | % | K% | A | % | X
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Mean ratios of actual and predicted seismicity may actually be misleading, because both
over- and undepredictions are observed. Thus, we finally complement our earthquake-model
evaluations with N-tests to more reliably describe the consistency of each seismicity forecast
(see Tables 3.6 and 3.7). N-test results show that seismicity models G and F significantly out-
perform their predecessor earthquake models during the evaluation periods. In general, the
seismicity model F overpredicts earthquake activity in subduction zones with low degree of
predicted mean coupling (e.g. Northern Tonga, Java and Izu Bonin). Additionally, seismicity
rates obtained from the seismicity model G during the pseudoprospective period are consistent
with the observed number of earthquakes in almost all subduction interfaces. These results re-
veal the potential of this approach to accurately estimate long-term shallow interface seismicity.
Nevertheless, independent prospective evaluations through the CSEP testing center are needed
to more objectively evaluate the forecasting power of this regionalized earthquake model.

The lack of regional earthquake parameters in a few subduction zones, the use of empirical
calibration factors to constrain long-term seismic coupling coefficients and the interpolation of
inland geodetic strain rates to oceanic floors are the major limitations of the seismicity model
G. However, this earthquake model provides higher-resolution estimates of shallow seismicity
within subduction zones (see Fig. 3.6) in comparison with global earthquake-based tectonic
forecasts (e.g. Giardini et al., 1999), because it optimally combines geodetic strain rates, regional
geomechanical parameters and earthquake-catalog data.

3.4 Conclusions and Prospects

The SHIFT GSRM seismicity model is a tectonic forecast constructed from geodetic strain
rates and mean global geomechanical parameters. The use of well-constrained earthquake pa-
rameters is thus essential to reliably compute long-term estimates of seismic moment release
and shallow seismicity. In this study, we show in seven progressive steps that SHIFT GSRM
earthquake-rate underestimations in 37 subduction zones are mainly due to the use of a glo-
bal probability function for seismic moment release M MT that poorly captures the variability
among subduction zones. By replacing this global function with regional estimates of seismic
moment MSEIS, we shift the ratios between observed and forecasted seismicity rates to an ave-
rage factor of 0.57, according to pseudo-prospective evaluations (see Table 3.8). Independent
prospective tests are required to better describe the forecasting skills of this earthquake mo-
del. Nonetheless, sucessful retrospective and pseudo-prospective test results show the initial
capacity of this regionalized earthquake model to properly forecast subduction-zone seismicity.

Tabelle 3.8: Summary of subduction-zone earthquake models introduced in this study. Here, MRR and MPR
stand for average retrospective and pseudo-prospective ratios, between observed and predicted seismicity, re-
spectively.

Model New Input MRR | MPR
A Raw SHIFT GSRM Earthquake Model | 2.82 | 2.70
B Global Strain Rate Map 2.1 244 | 2.33
C Regionalization Scheme KRS2010 3.14 | 3.00
D Regional Subduction Dip Angles 2.08 | 1.99
E Regional Elastic Shear Moduli 1.50 | 1.43
F Regional Model Seismic Moment Rates | 0.60 | 0.57
G Regional Seismogenic Thicknesses 1.01 | 0.96




43

Kapitel 3 Subduction Megathrust Earthquake Rate Forecast

(1edh 4 ;W) / sO3
9:6-0T po1-0T N.:é imﬂ gz1-0T 9¢1-0T pp1-0T

M.09 M.08 M.00T M.0CT Mo0PT Mo09T 0081 3,091 3,071 3.,0¢T 3,001

SoG¥ SoS¥

S.0€ S.0€

SoST SoST

o0 ¢

NoGT NoGT

N.0€E 4 NoO€E

NoSG¥ NoG¥

Sy

“ ¢
\&H\.
w:.

2% & x,o N
N W-s7

[ A

N.09

o "

M.09 M.08 Mo00T M.0CT MoOVT Mo09T 0081 3,091 3,071 3,0¢T 3,001

37 subduction zones, according to the seismicity model G. We express earthquake-rate densities as epicentroids

Abbildung 3.6: Long-term rates of shallow seismicity at or above a magnitude threshold my > 5.66 within
per square meter per year.
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In future work, we will refer to the seismicity model G as the Subduction Megathrust Ear-
thquake Rate Forecast (SMERF; see Fig. 3.6) model, and we will integrate it into a global
seismicity model to generate a global earthquake forecast based on the principle of conserva-
tion of moment (see Chapter 4). Recently, Strader et al. (2018) prospectively evaluated the
GEARI1 model and its parent components within CSEP, and found significant discrepancies
in spatial seismicity patterns between SHIFT GSRM & SHIFT _GSRM2f predictions and ob-
servations, mainly due to underpredictions of subduction-zone earthquake activity. Thus, we
conclude that SMERF may actually contribute to the development, update and improvement
of global hybrid seismicity models like GEARI.

Data and Resources

The observation earthquake catalog was obtained from the global CMT catalog available at
www.globalemt.org/CMTsearch.html (last accessed on January 1, 2019). Additionally, the Glo-
bal Strain Rate Map 2.1 was provided by Corné Kreemer, and the tectonic regionalization grid
is available as electronic supplement to Kagan et al. (2010).
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Kapitel 4

Two Global Ensemble Seismicity Models
Obtained from the Combination of
Interseismic Strain Measurements and
Earthquake-catalog Information

Abstract

Global seismicity models provide scientific hypotheses about the rate, location and magnitude
of future earthquakes to occur worldwide. Given the aleatory variability of seismic activity and
epistemic uncertainties in seismicity forecasting, the veracity of these hypotheses can only be
either confirmed or rejected after prospective forecast evaluation. In this study, we present the
construction of and test results for two updated global earthquake models, aimed at providing
mean estimates of shallow (d < 70 km) seismicity for seismic hazard assessment. These approa-
ches, referred to as the Tectonic Earthquake Activity Model (TEAM) and the World Hybrid
Earthquake Estimates based on Likelihood scores (WHEEL) model, use the Subduction Mega-
thrust Earthquake Rate Forecast (SMERF2), an earthquake-rate model for subduction zones
constrained by geodetic strain measurements and earthquake-catalog information. Thus, TEAM
and WHEEL are global ensemble seismicity models, which capture two independent components
necessary for long-term earthquake modeling: interseismic crustal strain accumulation and sud-
den lithospheric stress release. The calibration period for TEAM and WHEEL extends from 1
January 1977 to 31 December 2013. Hence, we use earthquakes recorded during the 2014-2019
period to pseudo-prospectively evaluate the forecasting skills of these earthquake-rate models,
and statistically compare their performances to that of the Global Earthquake Activity Rate
(GEARI1) model. As a result, GEAR1 and WHEEL are the most informative seismicity models
during the pseudo-prospective testing period, as both rank with the highest information scores
among all participant earthquake-rate forecasts. Nonetheless, further prospective evaluations
are required to more accurately describe the abilities of these global ensemble seismicity models
to forecast longer-term earthquake activity.!

!Originally published as: Bayona, J.A., Savran, W., Strader, A., Hainzl, S., Cotton, F. and Schorlemmer,
D. 2020. Two global ensemble seismicity models obtained from the combination of interseismic strain mea-
surements and earthquake-catalogue information. Journal Geophysical International, 224(3), pp.1945-1955.
https://doi.org/10.1093/gji/ggaabb4
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4.1 Introduction

Until recently, there has been some skepticism within the earthquake and engineering commu-
nity about the capacity of earthquake-rate models to reliably characterize seismicity patterns.
This lack of credulity primarily stems from the strongly stochastic nature of earthquakes and
the relatively limited disposal of target data to independently calibrate and test seismicity mo-
dels (Werner et al., 2011). Accordingly, only prospective forecast experiments are considered
rigorous enough to objectively describe the forecasting skills of any seismicity model (Taroni
et al., 2014). Nonetheless, one inconvenience of prospective forecast tests is the time that one
might have to wait to sample a statistically representative number of large events. Hence, the-
re have been multiple efforts to reduce prospective forecast evaluation periods by expanding
earthquake forecasting areas, leading to the generation of global seismicity models. As a result,
global m > 5.8 earthquake forecasts currently offer prospective test results that can be obtained
in only 1-8 years (Bird et al., 2015).

The Seismic Hazard Inferred from Tectonics based on the first iteration of the Global Strain
Rate Map (SHIFT GSRM; Kreemer et al., 2003; Bird and Liu, 2007; Bird et al., 2010)
model is a global seismicity model designed to improve estimates of seismic hazard worldwi-
de. SHIFT _GSRM converts interseismic strain rates into long-term rates of seismic moment
using global "geodesy-to-seismicityparameters, such as fault-dipping angles, coupled seismoge-
nic thicknesses and elastic shear moduli (i.e. Bird and Kagan, 2004). Depending on the degree
of coupling, seismicity rates are thereupon obtained by assuming a tapered Gutenberg-Richter
frequency-magnitude distribution. During the 1977-2009 retrospective test period, the raw
SHIFT GSRM forecast is consistent with the observations in continental convergent bounda-
ries. However, it significantly underpredicts earthquake rates in subduction zones, presumably
due to geometrical effects, inappropriately captured by the global average subduction dip an-
gle employed in the formulation. Thus, the SHIFT GSRM authors empirically corrected the
forecast as the last step in constructing this seismicity model.

A few years later, Bird and Kreemer (2015) presented a revised version of SHIFT GSRM:
the SHIFT GSRM2f earthquake model. SHIFT GSRM2f is based on the updated Global
Strain Rate Map (GSRM2.1; Kreemer et al., 2014), a global velocity gradient tensor field
and continuous strain-rate model obtained from 22,415 GPS interseismic velocities. Among
other improvements, SHIFT GSRM2f incorporates a spatial smoothing of model strain rates
around offshore plate boundaries to provide high-resolution estimates of earthquake activity.
Nevertheless, the uncorrected SHIFT GSRM2f forecast underestimates global earthquake ra-
tes during the 2005-2012 retrospective evaluation period, primarily due to underpredictions
of subduction-zone seismicity. As a result, the SHIFT GSRM2f modelers applied empirical
calibration factors to improve the forecast in subduction zones by assuming that discrepancies
between this new earthquake-rate forecast and the observations are mainly derived from the
absence of specific fault-dipping angles in the moment-rate balance equation.

SHIFT _GSRM2f was then combined with the Kagan-Jackson Smoothed-Seismicity (KJSS;
Kagan and Jackson, 2011) model to generate the Global Earthquake Activity Rate (GEARI;
Bird et al., 2015) model. KJSS, the seismicity parent component of GEARI, averages out the
exceedance rates of 30,000 earthquakes reported in the 1977-2008 Global Centroid Moment
Tensor Project (CMT; Dziewonski et al., 1981; Ekstrom et al., 2012) catalog, and smoothes
their locations with an anisotropic kernel function to estimate global earthquake activity, with
special focus on intraplate regions. In comparison, SHIFT GSRM2f, the tectonic earthquake
forecast of GEAR1, computes high-resolution rates of seismicity along faults and tectonic plate
boundaries based on GSRM2.1. As a result, GEARI is a hybrid seismicity model aimed at
forecasting m6 — 9 earthquakes everywhere on Earth.
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GEARI1 and its individual components were submitted to the Collaboratory for the Study
of Earthquake Predictability (CSEP; Jordan, 2006; Schorlemmer and Gerstenberger, 2007;
Zechar et al., 2010) testing center for independent evaluation. According to 2-year prospective
test results, GEARI1 significantly outperforms both of its parent forecasts, providing prelimi-
nary support to combine geodetic strain rates with smoothed-seismicity data for long-term
earthquake forecasting (Strader et al., 2018). Specifically, the total earthquake number N-, spa-
tial S-; and magnitude M-distributions forecasted by GEAR1 were all consistent with observed
seismicity. Nonetheless, both SHIFT GSRM and SHIFT GSRM2f failed the spatial S-test
evaluation, in spite of the high spatial strain-rate resolution offered by GSRM and GSRM2.1.

During the twentieth century, subduction interface seismicity released almost 90% of the
global seismic moment rate, and comprised approximately 60% of the earthquake activity ob-
served worldwide (Pacheco and Sykes, 1992; Bird et al., 2010). Based on this, Bayona Viveros
et al. (2019) constructed the Subduction Megathrust Earthquake Rate Forecast (SMERF) as a
complementary approach to the raw SHIFT GSRM and SHIFT GSRM2f forecasts to improve
their forecasted number, and potentially spatial, distributions in subduction zones. Similar to
SHIFT GSRM2f, SMERF computes long-term budgets of seismic moment from interseismic
strain rates and instrumentally-recorded seismicity. Nevertheless, SMERF uses mean regional
—mnot global— geodesy-to-seismicity conversion parameters to account for the great diversity
of earthquake patterns among subduction margins (i.e. Heuret et al., 2011; Kagan and Jack-
son, 2016). As a result, SMERF holds the initial capacity to properly forecast subduction-zone
seismicity, according to retrospective and pseudo-prospective N-test results for the 1977-2014
and 2015-2018 periods.

One limitation of SMERF, however, is the relatively large number of seismicity parameters
it needs to be constructed and the current availability of earthquake-catalog information to
individually calibrate them. Hence, we present a revised version of SMERF that depends on a
reduced amount of earthquake parameters, referred to as the SMERF2 model. In addition, we
integrate SMERF2 estimates in subduction zones with SHIFT GSRM2f computations outside
of these tectonic margins to produce the global Tectonic Earthquake Activity Model (TEAM).
Furthermore, we combine KJSS with this updated tectonic earthquake model to create the
World Hybrid Earthquake Estimates based on Likelihood scores (WHEEL) model; an alterna-
tive hybrid seismicity approach to GEARI1. Finally, we utilize h < 70 km, m > 5.95 actual
earthquakes recorded during the 20142019 period to pseudo-prospectively evaluate the con-
sistency of these global ensemble seismicity models with the observations, and quantitatively
compare their forecasting skills with GEAR1, our brenchmark global earthquake-rate model.

4.2 Seismicity Models

4.2.1 The Global Earthquake Activity Rate (GEAR1) model

GEARLI is a global hybrid earthquake model resulting from a multiplicative log-linear blend of
smoothed-seismicity data and geodetic strain rates:

Hy; = N{max[(S{, - T, f1}. (4.1)

In this equation, H;; represents the hybrid seismicity forecast in each grid cell centered on
longitude ¢ and latitude 7, N is a normalization factor adjusting the global predicted earthquake
rate to the global rate of observed seismicity according to the 1977-2004 Global CMT catalog,
max stands for the maximum value, S;; denotes the smoothed seismicity KJSS parent forecast,
d is an optimization parameter to be determined, T;; refers to the tectonic SHIFT GSRM2f
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earthquake component, and f symbolizes a baseline seismicity rate defined as the min[min(S;;),
min(7;;)]. The optimized combination between parent forecast components for GEAR1 was
determined by maximizing the I; (success) information score of Kagan (2009) from actual 2005-
2012 seismicity. In this manner, Bird et al. (2015) found that the most informative GEAR1
forecast is derived from a multiplicative blend of parent components, with exponent d = 0.6
on KJSS (Seismicity) and ¢ =1 —d = 0.4 on SHIFT GSRM2f (Tectonics). Based on this, the
GEARI1 modelers enhanced the preferred hybrid seismicity model by recomputing the Seismicity
and Tectonics parent forecasts using the complete 1977-2013 Global CMT catalog. As a result,
the update of such a preferred hybrid earthquake-rate model is what they refer to as the GEAR1
seismicity forecast.

4.2.2 The updated Subduction Megathrust Earthquake Rate Forecast
(SMERF2)

One of the most basic ways that SMERF differs from SHIFT GSRM2f is that SMERF identifies
37 subduction margins, according to variations of seismicity parameters (i.e. Heuret et al., 2011;
Kagan and Jackson, 2016). In contrast, SHIFT GSRM2f distinguishes one subduction zone
from other tectonic plate boundaries based on discontinuities of relative plate velocity (i.e. Bird
et al., 2009). Thus, SMERF posesses a relatively large number of degrees of freedom, specifically
regional seismic coupling coefficients, to be individually constrained by available earthquake-
catalog data. Therefore, we present a revised version of SMERF that depends on a reduced
number of seismicity parameters, referred to as the SMERF2 model. Same as SMERF, SMERF2
uses the trench segmentation model of Heuret et al. (2011) to assign geometric parameters, such
as seismogenic thicknesses, trench lengths and fault-dipping angles to 37 subduction areas.
Nonetheless, this updated model version employs only one average elastic shear modulus i
= 68 GPa for subduction interfaces, derived from the results of Bayona Viveros et al. (2019).
Moreover, SMERF2 utilizes the subduction segmentation model of Kagan and Jackson (2016)
to re-calibrate mean regional seismic coupling coefficients cy from estimates of corner magnitude
computed in such a study. For this aim, we group together some of the Heuret et al. (2011)
subduction zones (e.g. Northern Peru, Southern Peru, Northern Chile, Southern Chile) to relate
them to the Kagan and Jackson (2016) subduction segments (e.g. Andean S. America). As a
result, SMERF2 reduces the number of seismic coupling coefficients from 37 to 14 (see Table
4.1) to provide high-resolution estimates of subduction-zone seismicity (see Fig. 4.1).

4.2.3 The Tectonic Earthquake Activity Model (TEAM)

Strictly speaking, SHIFT GSRM2f and SMERF2 are hybrid seismicity models, because both
unavoidably employ earthquake information to translate geodetic strain rates into long-term
estimates of shallow seismicity. In particular, the predicted number of earthquakes is calibrated
from observed seismicity, and the spatial earthquake distribution is provided by interseismic
strain measurements. Nonetheless, we assume SHIFT GSRM2f and SMERF2 to be geodetic-
based earthquake models. Thus, we combine SMERF2 estimates of subduction-zone seismicity
with SHIFT GSRM2f computations of earthquake activity outside of SMERF2 subduction
margins to generate the global Tectonic Earthquake Activity Model (TEAM; see Figs. 4.2 and
4.3). To achieve it, we first preserve the annual earthquake rate for subduction zones predicted
by SMERF2, as seismic coupling coefficients cg employed to build the model are empirical-
ly calibrated from actual 1977-2013 interface seismicity (see Eq. 3.14). Then, we multiply
SHIFT GSRM2f earthquake rate densities in non-SMERF2 subduction areas by a factor of
approximately 0.8 to adjust the mean global rate to approximately 176 m > 5.767 earthquakes
per year, provided by the 1977-2013 Global CMT catalog.
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4.2.4 The World Hybrid Earthquake Estimates based on Likelihood
scores (WHEEL) model

We finally blend the new TEAM seismicity forecast with KJSS to create an updated global
hybrid earthquake model. Same as GEARI, this updated model uses a multiplicative log-
linear combination of earthquake parent components, with exponent d = 0.6 on the Seismicity
forecast (KJSS) and ¢ = 1 —d = 0.4 on the Tectonic constituent (now TEAM). As a result, the
World Hybrid Earthquake Estimates based on Likelihood scores (WHEEL) model serves as an
alternative approach to GEARI1 to compute global earthquake activity, with special focus on
subduction-zone seismicity (see Figs. 4.4 and 4.5).

Tabelle 4.1: Mean estimates of seismic coupling coefficient ¢y for 14 Kagan and Jackson (2016) subduction
interfaces. Based on Eq. 3.14, we empirically calibrate these values to construct SMERF2.

# | Heuret’s subduction zone | KJ’s subduction zone CH
Northern Tonga Kermadec-

1 Southern Tonga Tonga- 0.12
Northern Kermadec Samoa [0.10 - 0.14]
Southern Kermadec

Southern New-Hebrides 0.82
2 D’Entrecasteux New Hebrides Is. [0.56 - 1.00]
Northern New-Hebrides
Solomon Bismarck- 0.56
3 Bougainville Solomon Is. [0.38 - 0.83]
New Britain
4 Java Sunda Arc 0.16
[0.11 - 0.22]
5 Sumatra Andaman Is.- 0.16
Andaman Sumatra [0.12 - 0.21]
6 Taiwan-Manila Taiwan 0.21
[0.15 - 0.30]
Southern Ryukyu S.E. Japan- 0.26
7 Northern Ryukyu Ryukyu Is. [0.18 - 0.37]
Nankai
Tohoku
8 Southern Kuril Japan- 0.47
Northern Kuril Kamchatka [0.33 - 0.66]
Kamchatka
9 Marianas Guam-Japan 0.10
Izu-Bonin [0.09 - 0.12]
Southwestern Aleutians
Central Aleutians Alaska- 0.36
10 Eastern Aleutians Aleutian Arc [0.26 - 0.50]
Western Alaska
Eastern Alaska
11 Mexico Mexico- 0.47
Cocos Guatemala [0.32 - 0.70]
12 Costa Rica Central America 0.21
Colombia-Ecuador [0.15 - 0.30]
13 Antilles Caribbean Loop 0.17
[0.11 - 0.24]
Northern Peru
14 Southern Peru Andean S.America 0.79
Northern Chile [0.52 - 1.00]
Southern Chile
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Abbildung 4.1: Annual density rates of shallow d < 70 km, m > 5.95 interface seismicity, provided by the

updated Subduction Megathrust Earthquake Rate Forecast (SMERF?2).
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4.3 Earthquake Model Evaluations

SHIFT GSRM2f, KJSS, GEAR1, TEAM and WHEEL provide scientific hypotheses about
when and where earthquakes may occur, and how big they might be (see Table 4.2). Nonethe-
less, the veracity of these hypotheses can only be either confirmed or rejected after prospective
forecast experiments. In this study, we evaluate the initial consistency of these global seismicity
forecasts with observations recorded during the 1 January 2014-31 December 2019 pseudo-
prospective test period. Moreover, we statistically compare the performance of each participant
global earthquake approach with GEARI1, our selected brenchmarck seismicity model. To do
so, we divide the global study region into spatio-magnitude bins with increments of 0.1 units in
longitude, latitude and magnitude. Within each bin, we specify expected numbers of earthqua-
kes during the evaluation period, which are assumed to be Poisson distributed (Schorlemmer
et al., 2007; Zechar and Rhoades, 2010). Below, we provide a brief overview of the consistency
and comparative tests implemented to describe the forecasting capacities of contestant global
seismicity models.

Tabelle 4.2: Summary of seismicity models described in this doctoral dissertation.

Model Nature Coverage Based on Reference
SHIFT GSRM | Tectonic Global GSRM and CMT catalog Bird et al. (2010)
SHIFT GSRM2f | Tectonic Global GSRM2.1 and CMT catalog Bird and Kreemer (2015)
KJSS Seismicity Global CMT catalog Kagan and Jackson (2011)
GEARI1 Hybrid Global KJSS and SHIFT _GSRM2f Bird et al. (2015)
SMERF Tectonic | Subduction zones GSRM2.1 and CMT catalog Chapter 3
SMERF2 Tectonic | Subduction zones GSRM2.1 and CMT catalog Chapter 4
TEAM Tectonic Global SMERF2 and SHIFT__GSRM2f Chapter 4
WHEEL Hybrid Global TEAM and KJSS Chapter 4

4.3.1 Comparative tests

We test the relative performance of forecast pairs by measuring the rate-corrected information
gain per earthquake of one forecast over another (Rhoades et al., 2011). For each global fo-
recast pair, we apply the Student’s paired T-test. This comparative test is based on the null
hypothesis that two forecasts perform similarly, and the alternate hypothesis that one forecast
significantly outperforms the other. As a result, one forecast is considered more informative
than the other if the mean information gain significantly differs from the scaled difference in
forecasted earthquake numbers between two forecasts. The Student’s paired T-test requires the
assumption that the information gain scores at observed earthquake locations are normally
distributed, which is not always the case. For this reason, we also apply the non-parametric
W-test, evaluating the median information gain per earthquake rather than the mean. This test
only requires that the information gain distribution is symmetric, and increases in power with
increasing numbers of observed earthquakes (Rhoades et al., 2011).

4.3.2 Consistency tests

Using a suite of likelihood consistency tests, we assess the consistency of forecasted and observed
seismicity during the experiment’s evaluation period. These tests are based on the likelihood of
observed seismicity patterns, given forecasted earthquake numbers. A forecast’s log-likelihood
score is a metric, based on the Poisson distribution, used to evaluate the consistency of fo-
recasted seismicity patterns with observed earthquakes (Schorlemmer et al., 2010). Greater
log-likelihood scores indicate greater consistency, corresponding to a higher probability of the
forecast generating a seismicity distribution similar to observations. This in turn implies a
greater ability of the seismicity model to forecast earthquakes.
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Consistency with observed seismicity, expressed as the log-likelihood score, can be decom-
posed into three dimensions: number of earthquakes, magnitude and spatial distributions. So,
we apply tests of consistency for each of these dimensions (N-test, M-test, and S-test, respec-
tively), which are directly derived from the likelihood, or L-test (Zechar and Rhoades, 2010).
A forecast’s log-likelihood score is most impacted by the number of earthquakes. Therefore, we
also apply the conditional likelihood (CL) test, which provides information about a forecast’s
spatial and magnitude distribution while removing information regarding the total number of
earthquakes (Werner et al., 2011).

4.4 Results and Discussion

T-test results show that GEAR1 and WHEEL are the most informative seismicity forecasts
during the 2014-2019 pseudo-prospective testing period, as they obtain the highest informati-
on gain scores among all participant earthquake-rate forecasts (see Fig. 4.6 and Table 4.3). In
agreement with Strader et al. (2018), the outperformance of these hybrid seismicity models over
their individual forecast parent components indicate that the combination of instrumentally-
recorded seismicity and geodetic strain data is suitable for long-term earthquake modeling. As
formerly explained, the multiplicative log-linear blend of seismicity forecasts is based on the ma-
ximization of the Kagan (2009) I; sucess information score during the 2005-2012 retrospective
period. Thus, comparative T-test results support the selection of the preferred GEAR1 model
over a similar test period, suggest its stability over time as described by Bird (2018), and serve
as new evidence to promote the creation and development of global ensemble seismicity models,
as concluded by Marzocchi et al. (2012) and Marzocchi and Taroni (2014).

Comparative T-test results also exhibit that KJSS exceeds the forecasting skills of TEAM and
SHIFT GSRM2f during the 6-year pseudoprospective assessment period. Moreover, we observe
that TEAM and SHIFT GSRM2f are equally informative during the same testing period, as the
difference between their information gain scores is statistically insignificant. Nonetheless, these
outcomes might vary with time, because TEAM and SHIFT GSRM2f are expected to have
longer-term effects on earthquake forecasting than KJSS due to the incorporation of interseismic
strain data into their formulations. Accordingly, we recommend further prospective evaluations
to observe the forecasting potential of these global geodetic-based earthquake models.

Tabelle 4.3: Pseudo-prospective N-; M- S- and CL-test results for participant global seismicity models. The
N-test metrics d; and Jo describe the probabilities of observating at least and at most the actual number of
earthquakes, respectively. If §; < 0.025, the forecast underpredicts observed seismicity; if o < 0.025, the forecast
overestimates actual seismicity; if §; > 0.025 and d2 > 0.025 the forecast is consistent with the observations. The
magnitude k, spatial ¢, and magnitude-spatial £ statistics provide the percentage of simulated seismicity catalogs,
derived from each earthquake model, with a lower log-likelihood score than the score computed for the observed
earthquake catalog. At a 0.05 confidence level, if these metrics are greater than 0.025, the forecasted seismicity
distributions are consistent with actual earthquake activity. Thus, we indicate in bold values inconsistencies of
earthquake-rate forecasts with the observations. Finally, we display the information gain score IG and confidence
intervals (in brackets) over GEARI, obtained for each contestant earthquake model during the 2014-2019
pseudo-prospective test period.

Model 01 9o K ¢ 13 IG (Over GEARI)
GEARI1 0.96 | 0.04 | 0.55 | 1.00 | 1.00 0.00
WHEEL 0.96 | 0.04 | 0.57 | 0.98 | 1.00 | 0.01 [-0.02 — 0.04]

KJSS 0.96 | 0.04 | 0.50 | 0.98 | 1.00 | -0.14 [-0.22 — -0.09]

SHIFT2F_GSRM | 0.96 | 0.05 | 0.59 | 0.00 | 0.00 | -0.45 [-0.55 — -0.32]

TEAM 0.96 | 0.05 | 0.62 | 0.00 | 0.00 | -0.44 [-0.56 — -0.31]
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Abbildung 4.6: Comparative T-test results for contestant global earthquake-rate models during the 2014—
2019 pseudo-prospective evaluation period. We present the mean information gain per earthquake as circles,
and the 95% confidence interval with vertical lines. GEAR1 and WHEEL are the most informative models
among all participant earthquake-rate approaches, as both rank with the highest information scores. Although
not displayed, W-test results corrobate all T-tests.

N-test results show that all global seismicity forecasts are consistent with earthquakes recor-
ded during the 20142019 test period (see Fig. 4.7). This is unsurprising because all contestant
global forecasts were normalized to compute the global annual seismicity rate provided by the
1977-2013 Global CMT catalog. However, it is remarkable that such an observed global earth-
quake rate is systematically near the minimum bound of the number Poisson distribution with
95% confidence range computed for each forecast. Thus, we interpret these results to be due
to either a measurable decrease of global earthquake activity during 2014-2019 in comparison
with the 1977-2013 period, or the effect of including the sequences of megathrust events, such
as the 2004 m,, = 9.1 Sumatra-Andaman, the 2010 m,, = 8.8 Maule and the 2011 Tohoku-Oki
my = 9.1 earthquakes in the calibration datasets of these earthquake-rate models.

Similar to the N-tests, all contestant seismicity forecasts simultaneously pass the magnitude
M-test during the pseudo-prospective evaluation period (see Fig. 4.7). These results are due
to the fact that all models use unions of tapered Gutenberg-Richter functions to distribute
their computed seismic moment rates among rates of forecasted seismicity. Distinctively, only
the spatial earthquake distributions forecasted by WHEEL, GEAR1 and KJSS are consistent
with observed seismicity during the testing period at the 0.05 significance level (see Fig. 4.7).
Both tectonic models, TEAM and SHIFT GSRM2f, forecast spatial seismicity patterns incon-
sistent with observations during the evaluation time frame. As formerly discussed in Chapters
2 and 3, SHIFT GSRM2f spatial inconsistencies during the 2015-2017 period are assumed
to potentially be due to initial underestimations of earthquake numbers in most subduction
zones. Accordingly, TEAM attempts to compensate for this issue by concentrating more of the
forecasted seismicity density within subduction margins by applying localized geomechanical
parameters, such as the dip angle, seismogenic depth and coupling coefficient to these regions.
Nevertheless, both TEAM and SHIFT GSRM2f are limited in their abilities to globally fore-
cast spatial earthquake patterns, suggesting that S-test results are, in fact, due to effects of
spatial undersmoothing.
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Abbildung 4.7: Consistency evaluation results for participant global earthquake-rate models during the 1
January 2014-31 December 2019 pseudo-prospective testing period. We show (a) number N-; (b) conditional
likelihood CL-, (c) spatial S-, and (d) magnitude M-test results. Green squares indicate that earthquake forecasts
are consistent with the observations. In contrast, red circles denote that models forecast earthquake patterns
inconsistent with actual seismicity. Horizontal lines stand for the 95% confidence intervals. Dashed lines represent
the one-sided form of the test distribution. Thus, seismicity models with a quantile score greater than the
distribution upper limit are not rejected. For the N-test, the x-axis exhibits the number of earthquakes. For all
other evaluations, the x-axis displays log-likehihood scores.

To give an answer to this rising hypothesis, we generate concentration plots for both tectonic
forecasts, showing their normalized cumulative observed and forecasted seismicity distributions
(see Fig. 4.8). For both models, the forecasted seismicity distribution is shifted to the right
of the observed earthquake distribution, with a greater difference observed for TEAM. This
indicates that seismicity forecasted by TEAM and SHIFT GSRMZ2f is too localized along plate
boundaries compared to KJSS, GEAR1 and WHEEL. As a result, if an earthquake occurs just
outside of a subduction zone boundary, the forecasted rate will abruptly decrease and cause a
large drop in the S-likelihood score.

Further pseudo-prospective analysis shows that the number and spatial test results for GE-
AR1 and WHEEL tend to remain stable over 2-year intervals, overlapping during the 2014—
2019 testing period (see Table 4.4). Interestingly, these forecasts overestimate global earth-
quake activity during the 1 January 2016-31 December 2017 period, despite the occurrence of
intermediate-size tectonic events, such as the 2016 m,, = 7.9 Papua New Guinea, the 2016 m,
= 7.8 Solomon Islands and the 2017 m,, = 8.2 Mexico earthquakes. Nevertheless, we inter-
pret these results to be due to temporal fluctuations in earthquake activity, which should be
addressed in future research for time-dependent seismicity modeling.
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Abbildung 4.8: Concentration plots displaying the normalized cumulative distribution of observed seismicity
(dashed lines), in comparison to that of the forecasted earthquake activity (solid lines), according to TEAM
(blue) and SHIFT__GSRM2f (red).

Tabelle 4.4: Pseudo-prospective N- and M-test results for GEAR1 and WHEEL over 2-yr intervals, overlapping
during the 2014-2019 period. These results show that N-test results are unstable during the 1 January 2016-31
December 2017 time frame, as GEAR1 and WHEEL overestimate rates of global seismicity.

Evaluation start date | 6; (GEAR1) | é2 (GEAR1) | ¢ (GEAR1) | 6; (WHEEL) | é (WHEEL) | ¢ (WHEEL)
01-01-2014 0.56 0.47 1.00 0.56 0.47 0.99
01-01-2015 0.89 0.12 1.00 0.89 0.12 0.98
01-01-2016 0.99 0.01 0.69 0.99 0.01 0.40
01-01-2017 1.00 0.01 0.29 1.00 0.01 0.08
01-01-2018 0.73 0.29 0.98 0.73 0.29 0.91

4.5 Conclusion and Prospects

In this study, we describe the construction and pseudo-prospective evaluation of two updated
global seismicity models aimed at providing mean estimates of earthquake activity for seismic
hazard assessment. These approaches are based on SMERF2, an earthquake-rate model for
subduction zones constrained by interseismic strain measurements and earthquake-catalog in-
formation. TEAM, the first of them, is an ensembled tectonic seismicity model resulting from
the combination of SMERF2 estimates in subduction margins with SHIFT GSRM2f compu-
tations in non-SMERF2 interplate regions. Similar to GEAR1, WHEEL is a hybrid seismicity
model created from the optimized multiplicative blend of the tectonic parent TEAM and the
KJSS seismicity forecast.

GEARI and its individual forecast components use instrumentally-recorded seismicity during
the 1977-2013 period to adjust and retrospectively evaluate their forecasted rates of earthqua-
ke activity. For fair comparison, we utilize the same training dataset to calibrate TEAM and
WHEEL. Moreover, we employ actual earthquakes recorded during the 1 January 2014-31 De-
cember 2019 period to pseudo-prospectively test the forecasting skills of all global earthquake
models, and statistically compare their performances with respect to GEAR1, our benchmark
global seismicity model. As a result, GEAR1 and WHEEL are the most informative seismicity
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forecasts during the pseudo-prospective test period, as they obtain the highest information gain
scores among all contestant earthquake forecasts (see Figure 4.6 and Table 4.3). Interestingly,
the difference between their information gain scores is statistically so insignificant, that the
two models can be considered equally informative. Hence, we strongly recommend further pro-
spective evaluations of all contestant global seismicity models to more accurately describe their
capacities to forecast longer-term earthquake activity.

Pseudo-prospective S-test results indicate that TEAM and SHIFT GSRM2f inappropriately
characterize global spatial seismicity patterns during the 2014-2019 period (see Fig. 4.7). Sur-
prisingly, both tectonic forecasts obtain almost the same spatial likelihood score (-4858.75 for
TEAM and -4857.09 for SHIFT GSRM2f) during the testing period, despite substantial varia-
tions among their spatial earthquake distributions (see Fig. 4.9). Thus, these findings reject the
working hypothesis that SHIFT GSRM?2f failed the S-test evaluation during the 2015-2017 pe-
riod due to initial SHIFT GSRM2f underestimations of subduction-zone seismicity (Bird and
Kreemer, 2015). Instead, spatial model inconsistencies seem to be related to effects of unders-
moothing, according to concentration plots of normalized cumulative observed and forecasted
seismicity distributions displayed for TEAM and SHIFT GSRMZ2f (see Fig. 4.8). This possible
explanation is in accordance with the positive impact of earthquake-catalog smoothing on spa-
tial seismicity distributions forecasted by hybrid earthquake-rate models, reported by Akinci
et al. (2018).

TEAM exceeds the spatial forecasting abilities of SHIFT GSRMZ2f in subduction areas whe-
re both forecasted and observed earthquake rate densities are high (e.g. the western portion of
the Aleutian arc, the coastline of central Chile, and the New-Hebrides and Bismarck-Solomon
subduction zones; see Fig. 4.9). In contrast, SHIFT GSRMZ2f better characterizes spatial pat-
terns than TEAM in interplate regions with low forecasted seismicity rates, hosting relatively
few earthquakes during the testing period (e.g. the Andaman-Sumatra subduction margin, the
middle American trench along southern Mexico, and the eastern sector of the Aleutian arc). We
expect these results to converge into a more stable solution in the future, as geodetic strain rates
are thought to have longer-term effects on earthquake forecasting than six years. As a result,
we will investigate the time dependence of these global seismicity models to more accurately
describe short- and long-term earthquake patterns. Moreover, we will create and test a new glo-
bal ensemble earthquake model, capturing the major advantages of TEAM, SHIFT GSRM2f
and KJSS for enhanced seismicity forecasting. Finally, we will submit TEAM and WHEEL to
the CSEP testing centre for further prospective evaluation.

CSEP is currently transitioning into a new phase of earthquake forecast experiments designed
to evaluate the forecasting abilities of seismicity models (Savran, Schorlemmer and Werner,
personal communication, 2020). The pseudo-prospective evaluation of global earthquake-rate
models presented in this Chapter is the first testing exercise of this under-construction project.
Previously, CSEP has been able to identify the most informative seismicity models among more
than 400 participant earthquake approaches (Michael and Werner, 2018; Schorlemmer et al.,
2018). In this manner, seismicity models like GEAR1 and WHEEL are proven to indeed possess
the forecasting potential to reliably characterize seismicity patterns worldwide, despite some
skepticism.
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Abbildung 4.9: Residuals between spatial log-likelihood scores forecasted by TEAM and SHIFT GSRM2f
during the pseudo-prospective test period. In red areas, ratios between spatial likelihood scores obtained by these
models are positive, indicating that TEAM is spatially more informative than SHIFT__GSRM2f. In contrast,
blue zones denote locations where the spatial distribution forecasted by SHIFT__GSRMZ2f is more similar to the
observations than the spatial distribution computed by TEAM. We include as black circles d < 70 km, my, >
5.95 earthquakes reported from 1 January 2014 to 31 December 2019 in the global CMT catalog.
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Results and Discussion

1 Prospective test results show that GEARI is the most informative global earthquake-rate
forecast during the evaluation period 2015-2017 evaluation period.

According to T- and W-test results, GEARI significantly outperformed both SHIFT GSRM2f
and KJSS during the 1 October 2015-7 September 2017 evaluation period (see Fig. 2.2 and
Table 2.3). The forecast’s superior performance to its individual parent components shows that
the combination of interseismic strain rates with earthquake-catalog information is suitable for
stationary seismicity modeling. These results, with the corroboration of retrospective testing,
also support the selection of the preferred GEAR1 model. Nonetheless, instability in number
test results during retrospective two-year intervals (see Table 2.2) indicates that a longer testing
period, at least equal to the GEARI calibration period, is necessary to better understand how
effectively the optimal GEAR1 model constrains mid- to long-term seismicity patterns.

The total earthquake number computed by all participant seismicity forecasts is consistent with
the observations during the prospective evaluation period. This is unsurprising, because all mo-
dels were normalized to forecast total earthquake rates equal to the 1977-2003 global CMT
rate at the my, > 5.767 threshold. Moreover, all contestant forecasts simultaneously passed the
magnitude test during the prospective testing period. These results are due to the fact that
all models use unions of Gutenberg-Richter functions to distribute their estimates of seismic
moment among rates of predicted seismicity. Interestingly, only the spatial earthquake distri-
butions forecasted by GEAR1 and KJSS are consistent with observed earthquakes. Both the
SHIFT GSRM and SHIFT GSRM2f geodetic models failed the spatial test, despite the high
spatial resolution of interseismic-strain data offered by GSRM and GSRM2.1. One reason for
the difference in performance is that forecasted seismicity in SHIFT GSRM2f is highly concen-
trated along plate boundaries compared to KJSS. This effect is indicated by large differences in
log-likelihood scores for earthquakes near plate boundaries but located just beyond regions of
elevated forecasted seismicity. Concentration plots for these forecasts (Fig. 2.4) display cumu-
lative observed and forecasted seismicity distributions. The forecasted earthquake distribution
for SHIFT GSRMZ2f is shifted slightly to the right of the observed seismicity distribution,
suggesting that seismicity in SHIFT GSRM2f is too localizedalong tectonic plate boundaries
compared to KJSS.

Inconsistencies in spatial seismicity patterns between the SHIFT GSRM or SHIFT GSRM2f
model and observed seismicity may also be caused by inaccurate or low-resolution physical
input parameters used to convert strain rates to seismic moment. Bird et al. (2015) indicate
that the SHIFT GSRM and SHIFT GSRM2f models tend to underpredict seismicity within
subduction zones prior to applying empirical calibration factors to account for the effect of the
dip angle on the geometric factor. Thus, further testing of individual regions and the subsequent
development and prospective evaluation of updated SHIFT GSRM and GEAR models will
indicate the extent to which forecast performance is sensitive to parameters used to convert
strain rates to estimates of earthquake activity.
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2 Retrospective and pseudo-prospective test results for the 1977-2013 and 2014-2018 te-
sting periods show that the regionalized SMERF earthquake model considerably improves
initial SHIFT _GSRM and SHIFT GSRM2f estimates of seismicity in subduction marg-
ins.

Based on the iterative method implemented to construct SMERF and SMERF2, I found that
estimates of corner magnitude and interseismic coupling, rather than subduction dip angles,
play the major roles in reducing raw-SHIFT GSRM and SHIFT GSRM2f interface-earthquake
underestimations (see Figs. 3.3 and 3.4, and Tables 3.3 and 3.4). Particularly, forecasted rates of
subduction-zone seismicity increase by a factor of three when increasing the corner magnitude
by a factor of one (Gutenberg and Richter, 1944; Strader et al., 2018). Therefore, magnitu-
de distributions of great earthquakes calculated by Kagan and Jackson (2016) constitute the
main scientific basis, on which both SMERF and SMERF2 are based. Kagan and Jackson
(2016) computed estimates of corner magnitude by using the moment conservation principle
that equates the seismic moment rate with the tectonic moment rate inferred from geology and
geodesy. This approach is consistent with the physics-based nature of SMERF and SMERF2.
As a result, estimates of corner magnitude control the uncertainties associated with the ca-
libration of seismic coupling coefficients cy. In this regard, I observe that SMERF2 coupling
coefficients are in overall agreement with estimates of seismic locking reported in other studies.
This is particularly interesting, because I calculated mean values of interseismic locking by
balancing geodetic and seismic moment rates (see Eq. 3.14), in comparison with other authors
who estimated coupling by calculating the ratio between the observed seismic moment rate and
the rate obtained from plate tectonic velocities (earthquake-based cg), or inverting interseis-
mic strain accumulation rates of the upper plate (geodetic-based cg), exclusively (see Table
5.1). Along the Tohoku subduction zone, for instances, Suwa et al. (2006), Hashimoto et al.
(2009) and Loveless and Meade (2010) computed an average coupling cg = 0.59-0.65, based
on kinematic inversions of GPS interseismic velocities. Similarly, Blirgmann et al. (2005) and
Scholz and Campos (2012) estimated a mean coupling coefficient ¢ = 0.48-0.67 at a depth
range of 10 to 50 km within the Kamchatka subduction margin. Thus, these values together
are consistent with the SMERF2 coupling coefficient ¢y = 0.33-0.66, calculated for the entire
Japan-Kamchatka trench.

Discrepancies between estimates of seismic coupling along subduction zone interfaces have for-
merly been discussed in the literature (e.g. Pacheco et al., 1993; Heuret et al., 2011; Scholz
and Campos, 2012). Thus, I also detect inconsistencies in a few subduction areas like Sumatra-
Andaman, where the high degree of locking described by Chlieh et al. (2008) significantly differs
from the hybrid coupling coefficient ¢y = 0.12-0.20 obtained in this research. In general, these
differences primarily stem from the scarce sampling of large earthquakes providing actual gui-
dance on corner magnitudes for coupling calibration, the sensitivity of coupling calculations to
input parameters, and the interpolation of inland deformation rates to oceanic floors. Hence, I
argue that more stable solutions for seismic coupling will be obtained in the future with the ac-
quisition of more earthquake-catalog information, and the analysis of oceanic-based interseismic
strain data. Computations of interseismic coupling suggest that large earthquakes are expected
to occur in subduction zones, such as New-Hebrides, Andean S. America (Peru) and Bismarck-
Solomon Is. (New-Britain), as the total available seismic moment budget has not yet been used.
Moreover, these results serve as first insights into geodetic-based coupling coefficients within
some oceanic-oceanic subduction interfaces like Kermadec-Tonga-Samoa, Bismarck-Solomon Is-
lands and Guam-Japan. Furthermore, these outcomes support the hypothesis that subduction
margins are tectonically so distintive that specific regional seismicity parameters are required
to better understand their unique earthquake patterns. According to sucessful retrospective
and pseudo-prospective test results, SMERF holds the initial capacity to properly forecast
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subduction-zone seismicity. Nonetheless, further prospective evaluations are needed to more
objectively describe the forecasting abilites of this regionalized interface-seismicity model.

Tabelle 5.1: Estimates of interseismic coupling for 14 Kagan and Jackson (2016) subduction interfaces, obtained
from earthquake-catalog data (cg), GPS measurements (cg) and the combination of both datasets (cy).

Subduction zone CE cq CH References
*Peterson and Seno (1984)
Kermadec- 0.16* 0.12 *Pacheco et al. (1993)
Tonga-Samoa [0.01 - 0.66] [0.10 - 0.14] *Scholz and Campos (1995)
*Heuret et al. (2011)
New Hebrides Is. 0.11* 0.82 *Heuret et al. (2011)
[0.08 - 0.14] [0.56 - 1.00]
Bismarck- 0.16* 0.56 *Pacheco et al. (1993)
Solomon Is. [0.11 - 0.20] [0.38 - 0.83] *Heuret et al. (2011)
*Peterson and Seno (1984)
Sunda Arc 0.01* 0.45%* 0.16 *Pacheco et al. (1993)
[0.00 - 0.02] | [0.20 - 0.70] | [0.11 - 0.22] *Heuret et al. (2011)

**Hanifa et al. (2014)
**Koulali et al. (2017)
*Peterson and Seno (1984)

Andaman Is.- 0.44* 1.00%* 0.16 *Pacheco et al. (1993)
Sumatra [0.00 - 0.98] [0.12 - 0.21] *#Chlieh et al. (2008)
*Heuret et al. (2011)
*Scholz and Campos (2012)

Taiwan 0.01%* 0.40** 0.21 *McCann et al. (1979)
[0.00 - 0.20] [0.15 - 0.30] *Heuret et al. (2011)
**Hsu et al. (2012)
*Peterson and Seno (1984)
**Tto et al. (1999)
S.E. Japan- 0.11%* 0.56%* 0.26 *Pacheco et al. (1993)
Ryukyu Is. [0.04 - 0.22] | [0.00 - 1.00] | [0.18 - 0.37] **Sagiya and Thatcher (1999)
**Mazzotti et al. (2000)
*Heuret et al. (2011)
*Peterson and Seno (1984)
*Pacheco et al. (1993)
Japan- 0.67* 0.60** 0.47 *Suwa et al. (2006)
Kamchatka [0.50 - 1.00] | [0.48 - 0.67] | [0.33 - 0.66] **Hashimoto et al. (2009)
**Loveless and Meade (2010)
*Heuret et al. (2011)
Guam-Japan 0.02* 0.10 *Peterson and Seno (1984)
[0.01 - 0.05] [0.09 - 0.12] *Pacheco et al. (1993)
*Heuret et al. (2011)
**Savage et al. (1998)
**Fournier and Freymueller (2007)
Alaska- 0.61* 0.52%* 0.36 **Cross and Freymueller (2007)
Aleutian Arc [0.10 - 1.00] | [0.00 - 0.96] | [0.26 - 0.50] | **Cross and Freymueller (2008)
*Heuret et al. (2011)
*Scholz and Campos (2012)
**Azta et al. (2002)
**Kostoglodov et al. (2003)
Mexico- 0.49* 0.39%** 0.47 **Franco et al. (2005)
Guatemala [0.05 - 1.00] | [0.20 - 1.00] | [0.32 - 0.70] *Heuret et al. (2011)
**Franco et al. (2012)
*Scholz and Campos (2012)
**White et al. (2003)
Central America 0.30* 0.29** 0.21 **Norabuena et al. (2004)
[0.03 - 0.58] | [0.20 - 0.40] | [0.15 - 0.30] **Correa-Mora et al. (2009)
*Heuret et al. (2011)
**Scholz and Campos (2012)
Caribbean Loop 0.08* 0.26** 0.17 **Manaker et al. (2008)
[0.00 - 0.55] | [0.11 - 0.24] *Heuret et al. (2011)
**Chlieh et al. (2004)
**Moreno et al. (2010)
Andean S. America 0.47* 0.81** 0.79 *Heuret et al. (2011)
[0.02 - 1.00] | [0.41 - 1.00] | [0.52 - 1.00] **Chlich et al. (2011)
*Métois et al. (2012)
*Métois et al. (2013)
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3 The impact of the new subduction-zone seismicity model remains unmeasurable on a
global scale after six years of pseudo-prospective evaluation.

WHEEL and GEARI are global ensemble seismicity models, aimed at combining the advantages
of their earthquake forecast constituents. Whereas their tectonic forecast components compute
seismicity rates along plate boundaries, their seismicity forecast parent estimates earthquake
activity in the surrounding intraplate areas, where geodetic strain rates are assumed to be zero
according to GSRM2.1. As a result, these models are the most informative global seismicity
approaches during the 2014-2019 pseudo-prospective testing period, as both rank with the
highest information scores among all tested earthquake-rate models (see Fig. 4.6 and Table 4.3).
Interestingly, the difference between their information gain scores is statistically so insignificant,
that the two models can be considered equally informative. In agreement with Strader et al.
(2018), the outperformance of these hybrid seismicity models over their individual forecast
parent components indicate that the combination of instrumentally-recorded seismicity with
geodetic strain data is suitable for stationary earthquake forecasting. As explained in previous
chapters, the multiplicative log-linear blend of seismicity forecasts is based on the maximization
of the Kagan (2009) I; sucess information score during the 2005-2012 retrospective period.
Thus, comparative T-test results support the selection of the preferred GEAR1 model during
a similar test period, suggest its stability over time as described by Bird (2018), and serve as
new evidence to promote the creation and development of global ensemble seismicity models,
as concluded by Marzocchi et al. (2012) and Marzocchi and Taroni (2014).

Comparative T-test results also exhibit that the seismicity forecast component KJSS exceeds
the forecasting skills of the geodetic forecast parents TEAM and SHIFT _GSRM2f during the
6-year pseudo-prospective testing period. This is mainly due to the fact that both geodetic
earthquake models are limited in their abilities to forecast spatial seismicity patterns globally
(see Fig. 4.7). I created SMERF2 to reduce number, and potentially spatial, inconsistencies
of its predecessor SHIFT GSRM2f model with the observations. Specifically, I redistributed
earthquake rates within subduction margins through the application of regional seismicity para-
meters. However, spatial earthquake inconsistencies seem to be primarily due to either a spatial
undersmoothing of too localizedforecasted seismicity along tectonic plate boundaries (see Fig.
4.8) or limitations in testing procedures ranking the spatial distributions of forecasted seismi-
city. In this regard, it is well known that the Poisson assumption is questionable in presence
of clusters of seismicity. Lombardi and Marzocchi (2010), for instances, showed that the use of
the Poisson hypothesis can lead to a greater rejection of correctmodels, as their derived earth-
quake forecasts could possess a significantly higher variability than that of a Poisson process,
invalidating one of the main assumptions that stands behind the CSEP/RELM experiments.
Therefore, future seismicity models might need to incorporate more physics-based testing pro-
cedures and smoothing kernels to better understand the clustering nature of earthquakes in
and outside plate boundary regions. Currently, global geodetic-based earthquake models like
SHIFT GSRM2f and TEAM are restricted to provide high-resolution estimates of seismicity
along tectonic plate boundaries, given the global distribution of interseismic strain data (i.e.
Kreemer et al., 2014). Nevertheless, these areas, comprising only 15% of the Earth’s surface
(Gordon and Stein, 1992), host the most prominent seismic activity observed worldwide (Bird
and Kagan, 2004; Ekstrom et al., 2012; Bilek and Lay, 2018). Thus, the study of physics-derived
forecast metrics (e.g. Parsons, 2020) might be useful to more accurately describe the impact of
SMERF2 on the development and testing of global ensemble seismicity models.
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Conclusions and Perspectives

In this doctoral dissertation, I developed and tested a stationary seismicity model for subduc-
tion zones, referred to as the Subduction Megathrust Earthquake Rate Forecast (SMERF2).
This model is based on the premise that subduction margins are tectonically so distinctive, that
regional seismicity parameters are required to adequately describe their particular earthqua-
ke patterns. Thus, SMERF2 uses geodetic strain rates, earthquake-catalog data and regional
geomechanical parameters, such as subduction dip angles, seismogenic thicknesses and seismic
coupling coefficients, to estimate mean rates of seismic moment and interface seismicity. As
a result, SMERF2 captures two independent factors necessary for long-term earthquake mo-
deling, namely interseismic crustal strain accumulation and sudden lithospheric stress release.
Among others, the long-term balance of geodetic and seismic moment rates allows to derive
analytical solutions for interseismic coupling and earthquake activity (Eqgs. 3.13 and 3.14) that
depend on physical quantities rather than empirical correlations. Therefore, I consider these
equations to be scientific contributions to the development of physics-based seismicity models.

I integrated SMERF2 computations in subduction zones with estimates of its predecessor
SHIFT GSRM2f in non-subduction margins to create the TEAM seismicity model. In addition,
I combined this new tectonic earthquake approach with the Smoothed-Seismicity model of
Kagan and Jackson (2011) to produce the global WHEEL hybrid seismicity model. After six
years of pseudo-prospective evaluation, comparative T-test results show that both WHEEL and
the Global Earthquake Activity Rate (GEARI; Bird et al., 2015) are the most informative
global earthquake-rate models until today. Interestingly, variations in their information gain
scores are statistically insignificant, despite the use of different earthquake parameters with
which these models characterize subduction-zone seismicity. Therefore, I strongly recommend
further prospective evaluations of all contestant global seismicity models to more accurately
describe their capacities to forecast longer-term earthquake activity. Furthermore, I speculate
that at least one decade of prospective testing is required to assess the performance of global
ensemble earthquake models presented in this dissertation.

SMERF2, TEAM and WHEEL are certainly subject to be improved. A potential improve-
ment is the creation and testing of an updated hybrid seismicity model, capturing the forecasting
benefits of these earthquake-rate approaches. In this regard, I think that the development of
ensemble earthquake-rate models will experience a noticable boost in the nearby future after evi-
dence of consistent test results with the observations (e.g. Marzocchi et al., 2012; Taroni et al.,
2014; Akinci et al., 2018). An alternative source of improvement is the combination of Eq. 3.13
describing earthquake rates in subduction zones with the analytical solution of Petruccelli et al.
(2019) for the b value, to translatethe observational Gutenberg-Richter frequency-magnitude
distribution into a more physics-based earthquake-rate model. On one hand, Eq. 3.13 predicts
that earthquake rates in subduction zones linearly correlate with the plate convergence velocity.
On the other hand, Petruccelli et al. (2019) demonstrated that estimates of b systematically
vary with the stress regime or the style of tectonic faulting. Thus, I believe that the Gutenberg-
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Richter distribution may be expressed, among others, in terms of the relative plate velocity
controlling the tectonic deformation, and the faulting geometry regulating the transmission of
stress through contact area between plates (Lallemand et al., 2005). A third approach worth
exploring is the time dependence of earthquake activity, connecting the long-term background
seismicity with short-term aftershock sequences. Tentatively, I would like to confront Eq. 3.13
with the total earthquake rate A(t) of the Epistemic Type Aftershock Sequence (ETAS; Ogata,
1988; Zhuang et al., 2002) model to explore possible correlations between interface earthquake
parameters and ETAS parametric values within subduction margins (e.g. Zhang et al., 2020).

Long-term seismicity forecasting is a fundamental component of earthquake science that form
the basis for earthquake hazard quantification. Modern Probabilistic Seismic Hazard Analyses
(PSHA) require that the seismogenic source be characterized in terms of a finite rupture in order
to translate a long-term stationary earthquake forecast into a PSHA calculation (e.g. Field
et al., 2015; Bayona Viveros et al., 2017). In practice, this requires that for each earthquake
source, a set of potential rupture mechanisms and a set of hypocentral depths must be defined
(Weatherill and Pagani, 2011). On a global scale, this information can be obtained from available
catalogs of seismicity, which currently provide hypocentral locations and focal mechanisms of
thousands of earthquakes (e.g. Ekstrom et al., 2012; Storchak et al., 2013). In this manner, the
rupture area can be computed for each magnitude in the magnitude-frequency distribution using
a magnitude-area scaling relation (e.g. Wells and Coppersmith, 1994). Moreover, an upper and
lower seismogenic thickness can be set to constrain the seismogenic thickness through which the
finite rupture propagates. With this in mind, I conclude that global seismicity models described
in this dissertation might be useful in improving global hazard modeling, as they possess key
ingredients for hazard estimation, such as point-earthquake sources that could be converted
into finite rupture areas (i.e. geodetic-strain data and smoothed-seismicity information) and
geomechanical parameters for subduction zones. Thus, I finally hope that the development and
testing of these global ensemble seismicity models could serve as a solid scientific basis to more
accurately assess seismic hazard, and hence more efficiently mitigate earthquake risk worldwide.
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