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ABSTRACT
Statistical seismology is a fundamental component within several strands of earthquake science that
can form the basis for effective earthquake risk mitigation. In particular, the fields of earthquake
forecasting and probabilistic seismic hazard share many common elements, in spite of the different
nature of their applications. So commonly entwined are the two disciplines it is sometimes asserted
that the latter, namely probabilistic seismic hazard analysis, simply extends the former into the domain
of ground motion recurrence, as opposed to earthquake recurrence. Nevertheless, modern probabilistic
seismic hazard analyses (PSHA) require that the seismogenic source be characterised in terms of a
finite rupture. This presents significant challenges to the modeller in order to translate a point source
forecast into a seismogenic source that captures efficiently characteristics of the earthquake geometry.
This problem is illustrated on a global scale, as potential means of better constraining the finite rupture
properties are applied in order to translate a simple long-term stationary global earthquake forecast
into a global PSHA calculation. The initial step is the creation of an extended global earthquake
catalogue for the period 1900 to 2012, this is created by harmonising several global databases in such
a manner as select the optimum location and magnitude estimate from each database. This catalogue is
fed into a kernel-smoothing algorithm to generate an estimate of activity rate for each cell on a global
high-resolution 0.1˚ by 0.1˚ grid. The kernel-smoothing algorithm is modified to adjust for temporal
variation in catalogue completeness, and extends the smoothing into three dimensions to define the
hypocentral depth distribution for each cell. Using the same kernel form, a smoothed focal mechanism
model is defined on the same high-resolution grid, to constrain the potential rupture orientations to
those that are seismotectonically consistent. Finally, global smoothed seismicity seismogenic source
model is combined with a global logic tree of ground motion prediction equations, which feed a full
high-resolution global PSHA. The global hazard model outlines the feasibility of generating global
seismic hazard on this scale following this approach, but also highlights the potential pitfalls of doing
so, such as anomalous “islands” of high hazard around observed earthquakes in intra-plate regions,
and the potential for significant underestimation of hazard around seismically quiescent active fault
systems. These shortcomings, however, may help focus on areas where testing of both the rate forecast
and the seismogenic source model can improve the characterisation of seismic hazard on this scale.

INTRODUCTION
Statistical seismology, and in particular earthquake forecasting, can have a broad range of applications
within the domain of earthquake risk mitigation. Both short-term and long-term forecasts of seismicity
can be critical in informing policy makers, insurers and the general public at large. Nevertheless,
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whilst earthquake forecasting his itself emerged as an active and engaging area of research, far less
research has been undertaken to connect this discipline to the needs of probabilistic seismic hazard
analysis.
To some extent, the separation between the two domains has arisen out of the contrasting
time-scales considered for analysis. Earthquake forecasting is largely driven by the need to provide
estimates of the expected spatio-temporal seismicity distribution over a period typically on the order of
days to a few years. Under such conditions a strong emphasis can be placed on modelling timedependent processes, and due to either a low threshold magnitude (or conversely a large spatial scale),
quantitative assessments of the success or failure of the forecast (e.g. Schorlemmer et al., 2007) are
feasible within only a short period of time, typically months or a few years. However, since the
magnitude of the events considered is often low, it is convenient to work in terms of point-process
statistics, and accurate modelling of the finite geometry or the ground motion of each event are often
not considered.
Probabilistic seismic hazard, in contrast, has a different set of objectives that are more closely
aligned with the engineering applications. The definition of probabilistic seismic hazard, i.e. the
probability of exceeding a specific level of ground shaking within a time period of T years, and the
methodology for its calculation are well established. For the majority of seismic design applications,
typical return periods for the ground shaking may be on the order of hundreds to several thousand
years. Given the extremely low probabilities, ground-shaking hazard cannot be subjected to the same
prospective testing and validation strategies that have come to define earthquake forecasting.
Furthermore, the estimation of ground motion hazard requires characterisation of the magnitude
frequency distribution, the physical properties of the earthquake source (including rupture finiteness,
style of faulting and depth distributions) and both the seismogenic and hypocentral depth distributions.
Consequently, the translation of an earthquake forecast into a ground shaking hazard is a far from a
trivial extension of a time-independent forecast, and in the characterisation of the earthquake source
and strong motion attenuation it is possible, if not likely, that other elements of the seismogenic source
may come to influence the hazard to a greater extent than the earthquake forecast. The corollary to this
being that it cannot be assumed that a forecast methodology that outperforms others in a prospective
test will necessarily translate to an optimum seismogenic source model in the hazard context.
In spite of these strong caveats, there is considerable value in undertaking the construction of a
seismic hazard model that incorporates elements of the earthquake forecasting methodology. A key
motivation of this approach emerges from the widespread implementation of high-resolution (0.1˚ by
0.1˚) stationary earthquake forecasts (e.g. Bird et al, 2010; Kagan and Jackson, 2012). In producing
activity rate models that are truly global in coverage it is possible to undertake global analysis of
hazard, and eventually seismic risk, that are largely unbiased by national- and regional-scale
differences in the quality of information or in the process of seismic hazard model construction, which
may vary significantly from country to country and region to region. It is acknowledged, of course,
that such a uniform global hazard model cannot, and should not, act as a basis for engineering design
in any particular country. For those purposes it is important that the model characterise aspects of the
seismogenic source that cannot be resolved homogeneously at a global scale (e.g. fault slip rates).

AN EXTENDED GLOBAL EARTHQUAKE CATALOGUE
Naturally, the critical dataset that underpins the creation of a smoothed seismicity global seismic
hazard model or earthquake forecast model is a global catalogue of earthquakes. Several catalogues
could be considered for this purpose such as the Preliminary Determination of Epicentres (PDE)
bulletin or the Global Centroid Moment Tensor (GCMT) catalogue (Ekström et al. 2012). These
catalogues have formed the basis for previous long-term and short-term global forecasts of seismicity,
such as those of Kagan and Jackson (2012). Immediately, however, we see an initial contrast in the
needs of short-term forecasts verses those of seismic hazard maps, with respect to the acceptable
catalogue duration. Most significantly, global seismicity forecasts have tended to use relatively shortduration catalogues with known, or at least fixed, values of completeness. Consequently the catalogue
durations are on the order of 40 to 60 years, or less, with fixed completeness magnitudes. The use of
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fixed completeness magnitudes can somewhat simplify the problem, as seismicity rates can be
considered to be known with respect to the completeness magnitude.
The catalogue duration limit of approximately half a century, which is implied by this approach,
may be considered a significant shortcoming when adopting smoothed seismicity models for seismic
hazard. In this context it is desirable to include longer durations in the catalogue in order to increase
the likelihood of constraining the longer-term stationary seismicity rate, particularly with respect to the
large earthquake magnitudes. In conjunction, by extending the earthquake catalogue in this manner, it
is obvious that a fixed completeness magnitude can no longer be assumed. The adaptation of smoothed
seismicity algorithms to take into account temporal variation in completeness is discussed in further
detail in the next section. Whilst it is of course desirable to extend the catalogue for as great a duration
as possible, ideally including several centuries of historical earthquake records, the issue of providing
realistic estimates of temporal and spatial completeness becomes a greater obstacle. The recently
compiled Global Historical Earthquake Catalogue (Albini et al., 2013) represents a significant
development in this direction, substantially increasing the archive of known historical earthquakes, but
both the absence of estimates of completeness of from an observation perspective, and the spatialtemporal sparseness of the data prevent reliable estimation of catalogue completeness as this point.
Acknowledging that the use of this resource for supporting the creation of a global smoothed
seismicity model needs further research and experimentation, at this point in time, we limit the
catalogue duration to the period 1900 CE to 2012 CE.

Figure 1. Extended global earthquake catalogue for the period 1900 – 2012. White triangles indicate
locations of historical events reported in the Global Historical Earthquake Catalogue (1000 CE – 1903
CE) (Albini et al 2013)
In order to maximize the available number of reliably reported earthquakes in the global
catalogue, an extended catalogue is created by merging and harmonising several global bulletins of
data. The primary objective is to determine, for each earthquake, a hypocentral location and moment
magnitude (MW) estimate, from the data source that is considered most reliable for the period. At the
core of this catalogue is the ISC-GEM bulletin (Stochak et al., 2013), which due to its improved relocation procedures is assumed to provide the most accurate teleseismic location of the events for the
period covered (1900 CE to 2009 CE). Due to this intensive relocation process, however, the threshold
magnitudes for the catalogue are high, and the completeness magnitudes higher still, for the estimation
of seismic activity rates. Furthermore, many events, particularly in the early 20th century, could not be
accurately located using the improved procedures, and in many cases were removed from the
catalogue. We therefore extend this catalogue by merging other global data sets, with locations and
magnitudes selected for the “harmonized” catalogue using a hierarchical preference process. The
source catalogues are: i) the Engdahl Hypocentre Bulletin [EHB] for the period 1960 to 2008; ii) the
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ISC Reviewed Bulletin [ISC], for the period 1904 to March 2011); iii) the Global Centroid Moment
Catalogue [GCMT] (Ekström et al. 2004) for the period 1977 to 2012; and iv) the Pacheco and Sykes
(1992) bulletin [PAS] for the period 1900 to 1992. All catalogues are merged and the common events
identified. The preferred location is taken from (in order): ISC-GEM, EHB, ISC, GCMT and PAS; and
the magnitudes determined from (in order): ISC-GEM, GCMT, ISC (MS), ISC (mb) and PAS. The
reference moment magnitude scale is assumed to be the GCMT MW scale; therefore events for which
only an ISC (MS) and ISC mb are reported are converted into moment magnitude, MW, using new
regressions developed in the construction of the ISC-GEM catalogue (Storchak et al., 2013), with
magnitude uncertainties propagated into the magnitude error on the harmonized magnitude. MS values
from the Pacheco and Sykes (1992) bulletin are, for the current purposes, assumed equivalent to those
of ISC albeit the magnitude error is increased to compensate. The harmonized extended catalogue is
shown in Figure 1.

SOURCE MODEL STRUCTURE
The critical distinction between seismicity forecasting and a complete seismogenic source
model is the information required to generate finite ruptures from which to attenuate the ground
motion. For distributed seismicity sources (including uniform area zones) the seismicity source is
generally treated as a point (or a point within a uniform area). The manner by which finite ruptures are
derived from the point source is an area of divergence in existing probabilistic seismic hazard
software. The OpenQuake point source typology (Figure 2) is adopted for the current purposes (Pagani
et al., 2014). In this typology both the focal depth and the rupture mechanism (strike, dip and rake) are
treated as aleatory variables within the seismic hazard calculation. In practice this requires that for
each source, a set of potential rupture mechanisms and a set of hypocentral depths must be defined
alongside their corresponding probability mass functions (PMFs). For each hypocentre location within
the source, the finite rupture is generated for each magnitude using a magnitude-area scaling relation
and a source-specific rupture aspect ratio. For the distributed seismicity typologies the hypocentre of
the rupture is located in the centroid of the plane. The area of the rupture is calculated for each
magnitude in the magnitude frequency distribution using a magnitude-area scaling relation, which can
be specified for each source. Finally, an additional constraint should be applied to limit the
seismogenic thickness through which the finite ruptures propagate. Therefore an upper and lower
seismogenic depth limit is required. If, due to the magnitude-area scaling, the rupture reaches the
limits of seismogenic thickness, the rupture will expand along-strike, thus preserving the seismogenic
thickness constraints. This behaviour can be over-ridden, if the modeller wishes to preserve only the
aspect ratio, by setting an arbitrarily deep lower seismogenic depth.

Figure 2. Characterisation and attributes of the OpenQuake “point-source” typology. Adapted from
Pagani et al. (2014)
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SMOOTHED SEISMICITY RATE CALCULATION
The most common form of earthquake forecast, particularly on a global scale, is one that is generated
from spatial smoothing of seismicity (e.g. Woo, 1996; Frankel, 1995; Stock and Smith, 2002;
Helmstetter et al., 2007; Zechar and Jordan, 2010; Kagan and Jackson, 2012). A wide variety of
different smoothing approaches can be found in the scientific literature, the relative merits of which
are beyond the scope of this paper. Smoothed seismicity approaches generally fall into two categories:
those with a kernel of fixed bandwidth (e.g. Frankel, 1995; Zechar and Jordan, 2010) or those with an
adaptive smoothing kernal bandwidth (e.g. Stock and Smith, 2002; Kagan and Jackson, 2012).
Earthquake forecasting studies have generally tended to focus on the optimization of the kernel
properties, typically using retrospective or pseudo-prospective testing approaches. It is evident that
forecast testing and validation should form a critical part of the derivation of activity rate models.
Nevertheless, even “long-term” rate models are typically derived from relatively short duration
catalogues, in which the assumptions of fixed completeness can be made. Therefore, with the
exception of the Frankel (1995) and Woo (1996) methods, which account for temporal completeness,
and Helmstetter et al. (2007), which accounts for spatial completeness, most kernel smoothing
approaches neglect the challenge spatio-temporally varying completeness.
In a seismic hazard context, the problem of temporal variation in completeness is a major
challenge. Therefore in deriving a smoothed seismicity seismogenic source model, we adopt the
simplest kernel form of a bivariate isotropic Gaussian kernel:
Kσ ( x, y) =

" x 2 + y2 %
1
exp $−
2
2 '
2πσ
# 2σ &

(1)

where σ is the bandwidth of the kernel. An adaptive kernel approach has also been considered and will
be implemented in future versions, but here, we consider a kernel with a fixed with of 50 km. To
compensate for the temporal variation in completeness we normalize the observed rate in each
magnitude bin according to the completeness duration of the specific bin, similar to that described in
Woo (1996). The normalization factors are then used as weightings to apply to each earthquake in the
catalogue; hence the total product of observed rate and weighting should give a total smoothed
seismicity rate equivalent to the expected rate, were the catalogue to be complete at the lowest
completeness magnitude. To determine whether the completeness for different magnitude bins had a
particular spatial bias, we compare the observed compensation factors with synthetic catalogues, of
effectively homogenous temporal completeness, generated by sampling event locations from bins of
larger magnitude. From this comparison there was no clear evidence of spatial bias in the
completeness compensation factors.
To implement the Gaussian kernel we adopt the approach described by Zechar and Jordan
(2010) for implementation on a regular grid. The bivariate smoothing kernel K(x,y) to calculate the
contribution of an earthquake with epicenter (xeq, yeq) to a grid cell with bounds x1, x2, y1 and y2 takes
the form:
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When using the simple isotropic Gaussian kernel (equation 1) in equation 2:
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In addition to the issue of completeness, a second challenge that is not often addressed in many
earthquake forecasts is that of depth distribution. Many forecasts seen in the literature tend to operate
in terms of epicentral distance, neglecting entirely the manner in which seismicity will vary with
depth. In part, one of the principal reasons for neglecting the depth distribution is simply due to the
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often poor constraint of the hypocentral depths may regions. For the definition of the seismogenic
source it is clear that a realistic characterization of the depth distribution is critical, yet unfortunately it
is catalogues of the sort considered here in which the constraint on the depth is often poor, or may not
be resolved at all. Even in high quality global catalogues such as the ISC-GEM or GCMT, a simple
statistical analysis of hypocentral depth distribution will show a strongly modal bin at around 15 km,
representing the starting point of the inversion algorithm, which indicates that the data may be
insufficient to truly constrain depth in some events. Nevertheless, it is evident from global seismicity
(Figure 1) that some means of characterizing the hypocentral distribution is necessary.

Figure 3. Probability densities for each earthquake in a set of depth layers in a total seismogenic
thickness of 70 km for: i) an earthquake of depth 10 km and bandwidth 10 km (top left), ii) depth of 10
km and bandwidth 5 km (top right), iii) depth of 40 km and bandwidth 10 km (bottom left) and iv)
depth 40 km and bandwidth 5 km (bottom right).

Figure 4. Total activity rate (log10 (M ≥ 5) yr-1) per cell for four depth layers of 20 km thickness
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To account for hypocentral depth in a manner that is meaningful for the purposes of
constraining the depth distribution in a seismogenic source model we adopt an approach by which we
estimate the contribution of each earthquake to a particular layer within a set of predefined layers. To
do this we divide the seismogenic layer into a set of N layers. In the present case we take a simple
truncated Gaussian distribution to ensure the distribution integrates to unity in a layer between the
surface and the lower bounding (not necessarily seismogenic) depth. The standard deviation of the
distribution may be fixed (essentially making it a kernel), or may be adapted to the standard deviation
of the depth estimate of each earthquake. For each depth layer, the smoothed kernel from each
earthquake (described in equation 3) is then multiplied by contribution of the earthquake to each depth
layer, determined using the probability mass function for the specific earthquake. An illustration of the
process for two earthquakes at different depths (10 km and 40 km) and for two different bandwidths (5
km and 10 km) is shown in Figure 3, whilst the total distribution of seismic activity rate is shown in
Figure 4.

TECTONIC REGIONALISATION AND GROUND MOTION PREDICTION
EQUATIONS (GMPEs)
Any seismic hazard analysis conducted over a large spatial scale will inevitably encounter the issue of
tectonic regionalisation. On a global scale, this is a critical part of the analysis that will have a
controlling influence on the hazard model, not least of all with respect to the selection of ground
motion prediction equations (GMPEs). The regionalisation affects several critical parts of a seismic
hazard model, which, again, are often neglected when considering only an earthquake forecast. In the
present example, with the objective of producing a high-resolution global seismic hazard model, the
regionalisation also plays a critical role in constraining the magnitude frequency distribution. Even
with an extended global catalogue, for a smoothed seismicity model there remain too few events in all
but the most active regions from which it is possible to reliably constrain a magnitude frequency
distribution. Certainly local seismic networks can better constrain recurrence at lower magnitudes than
those considered here, but this would introduce a far greater regional heterogeneity into the model than
we are aiming for herein. Therefore we utilize the tectonic regionalisation to help us constrain globally
analogous regions from which key characteristics of the seismicity behavior can be constrained.
Building on previous attempts to construct a global seismicity rate model (e.g. Bird et al., 2010;
Kagan and Jackson, 2012), we adopt the tectonic regionalisation of Kagan et al. (2010), who classify
each 0.1˚× 0.1˚ cell according to one of six different tectonic region types (shown in Figure 5):
“Active”, “Trench”, “Slow Ridge”, “Fast Ridge” and “Stable”. For each tectonic zone the magnitude
frequency distribution if described by a tapered Gutenberg-Richter model with cumulative distribution
function:
β
G ( M, M t , β, M c ) = ( M t / M ) exp "#( M t − M ) / M C $%

for M t ≤ M ≤ ∞

(4)

where G is the proportion of earthquakes in the catalogue with moment exceeding M, Mt is the
threshold moment of completeness from the catalogue, taken here as 3.518 × 1016 Nm (Mw 5.0), β the
gradient of the exponential function and MC the “corner-magnitude” of the taper. The β-value and
corner magnitude for each region are adopted from Kagan et al. (2010). We recognize, however, that
the zone-specific magnitude frequency distribution recurrence properties are derived originally from a
catalogue that is not declustered, which may introduce an inconsistency between the manner of their
derivation and their application in the current context. The revision of these values with respect to the
catalogue preferred here, or with respect to the declustered CMT catalogue, is a necessary
development for the future.
It is evident that the regionalisation will play a critical role in the characterisation of the
seismicity rate. This same regionalisation will also drive the selection of ground motion prediction
equations for use in probabilistic seismic hazard analysis. A review and selection of a potential set of
ground motion prediction equations was undertaken by Stewart et al. (2014), who provide a
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recommended set of GMPEs for each of the major tectonic regions (active shallow crust, subduction,
stable continental) in the context of a global seismic hazard analysis. We therefore adopt their
recommendations for the three specified tectonic regions. Stewart et al. (2014) do not, however,
supply weightings to their selections, so we are therefore apportioning weightings evenly to each of
the GMPEs considered for the tectonic regions. At the time of writing the Abrahamson et al. (2014)
subduction GMPE is not currently available in OpenQuake, as it has not been made publically
available for implementation. The decision is therefore taken to divide the weighting evenly between
the two remaining selected subduction GMPEs. The final regionalisation definitions, GMPE selections
and assigned weights are shown in Table 1.

Figure 5. Tectonic Regionalisation of Kagan et al. (2010): “Active” (red), “Trench” (yellow), “SlowRidge” (blue), “Fast-Ridge” (green)
Table 1: Regionalisation, selected GMPEs and assigned weights used in the seismic hazard analysis
Kagan et al
(2010) Region
Plate Interior

“GMPE”
Region
Stable

Active

Active
(Shallow)
Active (Deep)

Slow Ridge
Fast Ridge
Trench

Oceanic
Oceanic
Subduction
Interface
Subduction Inslab

Models [assigned weights]

Notes

Atkinson and Boore (2006) [0.25]
Pezeshk et al. (2011) [0.25]
Toro et al. (2002) [0.25]
Silva et al (2002) [0.25]
Akkar et al. (2013) [0.34]
Chiou and Youngs (2008) [0.33]
Zhao et al. (2006) (Active Shallow) [0.33]
Lin and Lee (2008) (In-slab) [0.5]
Atkinson and Boore (2003) (In-slab) [0.5]
Silva et al. (2002) [1.0]
Silva et al. (2002) [1.0]
Zhao et al. (2006) (Subduction Interface) [0.5]
Atkinson and Boore (2006) (Subduction Interface) [0.5]
Zhao et al. (2006) (Subduction In-slab) [0.5]
Atkinson and Boore (2006) (Subduction In-slab) [0.5]

Silva et al. (2002)
adjusted according
to EPRI (2006)

Whilst the GMPE selection process undertaken by Stewart et al (2014) is extensive and well
reasoned, it is not necessarily comprehensive in a global application, as recommendations are not, and
cannot be, made for tectonic regions where strong motion records are limited. For the sake of
simplicity within a global calculation we neglect the “volcanic” GMPE class. However, the proportion
of seismic sources in oceanic regions (both active and stable) and from deep crustal seismicity in
orogenic collision zones is not trivial. For stable oceanic regions we adopt the same GMPE set as for
stable continental regions. For the fast- and slow- spreading ridge regions, generally the sources are
located away from areas of significant population exposure. Whilst ground motions from such sources
are very poorly constrained, the decision is made to adopt only a single stable continental GMPE,
rather than multiple GMPEs, to reduce the computational demand. For deep sources in active regions
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we encounter another additional problem in that many GMPEs for active shallow regions are derived
primarily from shallow earthquakes. In these cases the functional form of the GMPE is dependent on
Joyner-Boore distance (i.e. distance to the surface projection of the rupture), either as the primary
distance metric (e.g. Akkar et al., 2013), or within the hanging-wall term (e.g. Chiou and Youngs,
2008). In these cases it is not appropriate to utilize such GMPEs for ruptures originating from
significant depth. Following the recommendations of Stewart et al. (2013), we adopt subduction inslab GMPEs for deep sources in active regions. In this particular case, the subduction GMPE of Lin
and Lee (2008) and Atkinson and Boore (2003) are selected, as these tend to represent the GMPEs that
most commonly produce the lowest and highest values for in-slab earthquakes respectively.

FOCAL MECHANISM DISTRBUTION
As described in the definition of the “point source” typology, the requirement to define a probabilistic
distribution of finite rupture planes introduces a considerable complexity into the model, which is
difficult to resolve at larger regional scales. In regional scale analysis the full variability in the rupture
orientation may occasionally be modelled by enumerating a set of rupture planes that effectively
sample the corresponding seismogenic half-space. In any application this is a computationally
demanding process, but at a global scale the required computation demand prohibits this approach.
Conversely, fault data remain too sparse and globally heterogeneous to provide sufficient information
to restrict the potential rupture planes on a global scale. Instead, we identify potential rupture planes
that are consistent with tectonics by creating a smoothed global moment tensor model.
The approach we follow in generating a smoothed moment tensor model largely adapts that of
Kagan and Jackson (2014). For consistency between the smoothing of the activity rate model and the
focal mechanism model we adopt the same smoothing kernels. The Global Centroid Moment Tensor
catalogue is used to provide moment tensors for the period 1977 to 2012. For each site on a regular
grid the expected normalised moment tensor is calculated from the sum of each the contributing
observed normalised moment tensors (Mpq) multiplied by its respective kernel weighting:
N EQ

M CELL
= ∑ ( M EQ
pq
pq ) K ( ri ) wi
i=1

(11)

where K(ri) is the kernel value (equation 3), and wi a weighting factor. In contrast to Kagan and
Jackson (2014) we do not implement an orientation correction to the kernel, which is again done to
ensure consistency with the activity rate kernel. The resulting nodal planes are then extracted for each
grid point by standard eigenvalue analysis of the summed moment tensor. An example slice of a lower
resolution (1˚ for greater clarity) smoothed focal mechanism model is shown for Italy in Figure 6.
The smoothed moment tensor approach has both significant advantages and limitations in the
present context. Arguably it has the potential to act as a key link between earthquake forecasting and
characterisation of a seismogenic source model. In essence the techniques used for deriving a forecast
can be extended into the hazard-modelling domain, as they are here. Furthermore, Kagan and Jackson
(2014) also propose statistical tests for focal mechanism forecast skill, which could be readily adopted
within the forecasting context. Secondly, the method is particularly attractive for application on a
global scale, as the assumption of homogeneity in spatial coverage can be considered appropriate.
In reality, however, the smoothed focal mechanism model has significant limitation that reduces
its appeal for use on anything other than a global scale. The characterisation of the finite rupture plane
in a point source model is intended to reflect the most likely alignments of faulting in a distributed
seismicity environment. The smoothed focal mechanisms suffer from two shortcomings in this regard.
Firstly, whilst the kernel form and the weighting value could be optimized to minimize this effect, it is
inevitable that in some regions the smoothed moment tensor may reflect similarly weighted
contributions from two contrasting mechanism types. Such a situation can easily arise in regions that
may show significant changes in stress or strain orientation over short distances. Thus the resultant
tensor represents an “average” orientation that may adequately reflect the rapid changes in tectonics.
Secondly, even if the smoothed moment tensor is appropriate for the location in question, it can only
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represent two conjugate planes. Without introducing local knowledge of the faulting and tectonics it is
not possible for the modeller to discern the appropriate plane (or set of planes), or even to redistribute
weights to allow for particular planes to dominate. This can be especially problematic in subduction
regions where the focal mechanism will assign equal weighting to the auxiliary plane that may be
normal to the subduction interface. Depending on the particular situation, this may artificially raise the
hazard in back-arc areas as potential large subduction ruptures will be oriented normal to the interface,
reducing the source to site distance in the back-arc and placing locations within the back-arc on the
hanging-wall of the rupture. Further work is ongoing to re-assess the implementation of the smoothed
focal mechanism in subduction environments and to possibly re-assign weightings in accordance with
the location of the point source with respect to the subduction interface.

Figure 6: Smoothed focal mechanisms computed at a lower 1.0˚ by 1.0˚ resolution) using the
methodology described herein

GLOBAL SMOOTHED SEISMICITY HAZARD CALCULATION
The combined application of the methods described above provides a nearly complete global
seismogenic source model on a high-resolution scale. Several critical pieces of information remain to
be defined, however. For the widest possible application, we adopt the Wells and Coppersmith (1994)
magnitude to rupture-area scaling relation. Other tectonic-region specific scaling relations may also be
adopted; however, relatively few are available in OpenQuake at present. For the seismogenic depths
we chose not to restrict the thickness in each layer and provide only the surface as the upper
seismogenic limit. Therefore, it is the rupture aspect ratio, assumed here to be equal to 1.5, that is
fixed, and the area scaling with magnitude accordingly. These assumptions will need to be explored
more in future developments.
A global probabilistic seismic hazard analysis has been undertaken for a grid of 0.1˚ by 0.1˚
sites, and the results shown in Figure 7. The model itself can be used to generate hazard maps, hazard
curves, uniform hazard spectra, logic tree quantiles and disaggregation for any location in the world.
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Figure 7. Peak ground acceleration (g) with a 10 % probability of being exceeded in 50 years
derived using the global smoothed seismicity PSHA model

LIMITATIONS AND CHALLENGES
The global PSHA model shown in Figure 7 illustrates both the feasibility of creating a smoothed
seismicity based global hazard model, as well as the problems that result when doing so. Implicit
within this approach is the assumption that the seismicity alone will, allowing for a degree of spatial
uncertainty, control the location of future earthquakes. This is, in many respects, a form of historical
probabilism (Muir-Wood, 1993) that can result in PSHA maps drastically diverging when different
periods of observation are used. Nowhere is that effect more evident than in the intra-plate
environments, where individual events (even those at lower magnitude) disproportionately control the
hazard in isolated islands of potentially extreme hazard. This effect is exacerbated by the low
attenuation often present in stable continental GMPEs. Conversely, hazard in certain regions with
well-known faults, but who have been relatively quiescent within the catalogue observation period (or
the complete part of it), may potentially be significantly underestimated. Examples of this can be seen
in the Himalaya Frontal Thrust, parts of the Sagaing and Dead Sea fault systems and much of the Rift
Valley. Whilst some of these problems are inherent in any hazard model based exclusively on
smoothed seismicity, it is possible that assumptions emerging from the regionalisation, and in
particular the assumption of a tapered Gutenberg-Richter distribution with region-specific β and MC,
are contributing to these effects. As the Kagan et al. (2010) regionalisation permeates strongly
through this analysis it is evident that more needs to be done to explore the impact of different
regionalisation assumptions on the resulting PSHA model.

CONCLUSIONS
The process described throughout this work illustrates the effort that is necessary to move from a
smoothed seismicity algorithm, a common component of most earthquake forecasts, to a PSHA input
model. The global context highlights the potential application of such a model, as it allows for the
construction of a global seismic hazard model that is, relatively, uniform in data quality and
methodology. The isotropic Gaussian kernel form is chosen for simplicity here, yet the process of
transforming this model into a PSHA model will remain if more complex adaptive kernels are used.
The problem of historical probabilism will persist in any seismic hazard model constructed using
smoothed seismicity. Partial remedy may be achieved by adopting forecasts that use global strain (e.g.
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Bird et al., 2010) as a means of adding long term stationarity to the process, and work is currently
underway to produced a hybrid strain and seismicity model that may help address these issues (Bird et
al., 2013). In practice, however, it may be of greater value not to adopt earthquake forecasting
methods as a means of constraining stationary rates for PSHA, but to make greater efforts to turn
short-term forecasts of seismicity rate into forecasts of ground shaking by implementing and
improving upon the process illustrated here.
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