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ABSTRACT

The Collaboratory for the Study of Earthquake Predictability (CSEP)
selected Italy as a testing region for probabilistic earthquake forecast models
in October, 2008. The model we have submitted for the two medium-term
forecast periods of 5 and 10 years (from 2009) is a time-dependent,
geologically based, earthquake rupture forecast that is defined for central
Italy only (11-15° E; 41-45° N). The model took into account three separate
layers of seismogenic sources: background seismicity; seismotectonic
provinces; and individual faults that can produce major earthquakes
(seismogenic boxes). For CSEP testing purposes, the background seismicity
layer covered a range of magnitudes from 5.0 to 5.3 and the seismicity rates
wete obtained by truncated Gutenberg-Richter relationships for cells centered
on the CSEP grid. Then the seismotectonic provinces layer returned the
expected rates of medium-to-large earthquakes following a traditional
Cornell-type approach. Finally, for the seismogenic boxes layer, the rates were
based on the geometry and kinematics of the faults that different earthquake
recurrence models have been assigned to, ranging from pure Gutenberg-
Richter behavior to characteristic events, with the intermediate behavior
named as the hybrid model. The results for different magnitude ranges
highlight the contribution of each of the three layers to the total computation.
The expected rates for M > 6.0 on April 1, 2009 (thus computed before the
L'Aquila, 2009, M, = 6.3 earthquake) are of particular interest. They
showed local maxima in the two seismogenic-box sources of Paganica and
Sulmona, one of which was activated by the L'Aquila earthquake of April
6, 2009. Earthquake rates as of August 1, 2009, (now under test) also showed
amaximum close to the Sulmona source for M, ~ 6.5; significant seismicity
rates (10-4 to 10-3 in 5 years) for destructive events (magnitude up to 7.0)
were located in other individual sources identified as being capable of such
earthquakes in the central part of this area of the Apennines.

1. Introduction

In the framework of the seismic hazard validation
activities planned by the Collaboratory for the Study of
Earthquake Predictability (CSEP) [Schorlemmer et al. 2006,
Schorlemmer et al. 2009], we implemented a layered
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seismogenic source model in central Italy (LASSCI) [Pace et
al. 2006, Peruzza et al. 2007], to submit two medium-term
forecasts to formal statistical tests on the observed seismicity
rates over the periods of 2009-2014 and 2009-2019.

The model was issued as a first release (LASSCI2009.1)
after a workshop held in Rome, Italy (October 2008;
http:/ / www.cseptesting.org/ meetings/rome20081027), and
it was ready to be submitted for an initial deadline set for
April 1, 2009. The occurrence of a major earthquake on one
of the sources we had considered as a time-dependent
characteristic event source (hereinafter described as the 12-
Paganica source) required further revision. This has led to a
second release, in which the time elapsed since the last event
for the Paganica source dropped from 548 years to zero. This
release (LASSCI2009.2) has been submitted for the ongoing
CSEP test. As such, it should be used for retrospective testing
only outside the Paganica box.

In the next sections, we describe the original seismogenic
source model and the implementations made in the model in
preparation for submission to the CSEP experiment.

2. The layered seismogenic source model for central Italy

The LASSCI is an earthquake rupture forecast model
that was developed in the early 2000s, and it is based on a full
analysis of geological, structural and seismological data.
Initially published in 2006 [Pace et al. 2006, Peruzza et al.
2007], the LASSCI defined different kinds of seismogenic
sources, and in some locations the details reached addressed
individual active faults [Barchi et al. 2000, Galadini and Galli
2000, Galadini et al. 2000, Boncio et al. 2004]. The sources
were formally combined together (layered) into a
probabilistic seismic hazard assessment, under stationary and
time-dependent perspectives.

The LASSCI is based on three separate layers of
seismogenic sources: the seismotectonic provinces (SPs),
individual faults that are capable of major earthquakes
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Figure 1. Layered seismogenic source model in central Italy. (a) Map of the SP and SB sources, of instrumental seismicity (CSTI) [CSTI Working Group
2001] and focal mechanisms of the main events; the source codes are as follows: G85, Gasperini et al. [1985], R89, Riguzzi et al. [1989], FA97, Frepoli and
Amato [1997], D97, Di Luccio et al. [1997], S03, Santini [2003], B04, Boncio et al. [2004], CMT, catalog at www.seismology.harvard.edu and MedNet
regional at www.mednet.ingv.it. The geometries were the same as those of Pace et al. [2006], except for the SBs near Arezzo (Citta di Castello sources)
[Brozzetti et al. 2009]; (b) Map of the SP and SB sources, and of historical seismicity (CPTI) [CPTI Working Group 2004].

(seismogenic boxes, SBs) and background sources (BKs).
These are described in detail below.

Seismotectonic Provinces

The SPs are large structural domains for which the
boundaries are mainly defined by taking into account the
three-dimensional geometry of major active structural
elements, together with seismological data like earthquake
focal mechanisms, rheological and geodetic data. Each SP
was considered homogeneous in terms of the active
tectonics. From the Tyrrhenian coast to the Adriatic coast,
four SPs were identified (Figure 1a, thick blue lines): SP-A is
the Tuscan-Latium domain, with a thinned crust, high heat-
flow values, and minor shallow seismicity; SP-B represents
the axial belt of the Apennine extensional domain, where
most historical and instrumental strong earthquakes have
been located, and where normal active faults are mapped;
SP-C corresponds to the foothill regions, where mixed
kinematics have been detected; and finally, SP-D is the
coastal strip of the Adriatic that is dominated by buried
thrusts, folds and strike-slip faults, and where past
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earthquakes have never exceeded M 5.0. For all of these SPs,
except SP-B, the expected rates of medium-to-large
earthquakes were calculated by simply extracting the
earthquakes located inside the SPs. This kind of source
follows the traditional Cornell-type approach of assuming a
homogeneous distribution of earthquakes in space, a
Gutenberg-Richter (G-R) magnitude relationship, and a
stationary process of earthquakes in time. The earning»
datasets were the historical CPTI catalog [CPTI Working
Group 2004], which contained earthquakes from the 2nd
century B.C. to 2002, and the instrumental CSTT catalog
[CSTI Working Group 2001], which covered 15 years from
1981. The completeness of the CPTI database covered the
past 400 years for M < 6.4, and 1,000 years for M = 6.4, while
the magnitude of completeness for the CPTT catalog was
set to M 5.5. The instrumental database was considered
complete above M 2.0 for the period the CSTI refers to (i.e.,
1981 onwards). The two databases overlapped in time for
M > 4.0, and additional details of declustering are given in
the background paragraph (below) and were in the original
publication [Pace et al. 2006].
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Seismogenic Boxes

Inside the extensional Apennine province SP-B, major
active seismogenic faults have been identified, which were
considered continuous at depth for several kilometers and
capable of resulting in large earthquakes (M = 5.5). A SB is
the plan projection of the three-dimensional geometry of
such master faults, which is constrained by structural-
geological, morphotectonic, paleoseismological and
rheological data. The geometry, kinematics and observed
seismicity controlled the maximum expected magnitude
(M) for each of the 28 SBs parameterized in 2006 inside SP-

B. The mean recurrence time (T, ) was also inferred

indirectly, as repeated earthquakes were available only from
paleoseismological analyses of a few faults [see Pace et al.
2006: tables 2, 3 and figs. 4, 5]. Each SB was characterized by
its own earthquake recurrence model: a pure logarithmic
frequency-magnitude (G-R behavior) was assigned to a source
if its seismological records covered a wide continuous range
of magnitudes (5 SBs); alternatively, a Gaussian peak centered
on the maximum magnitude allowed by the fault dimension
(characteristic earthquake model; CH model) was assigned
to SBs that had experienced only a major earthquake, or that
have been silent during historical and instrumental times (14
SBs). Intermediate behavior, named as the hybrid (HY)
model, was allocated to the remaining nine SBs for which the
observed earthquakes suggested a characteristic peak, and a
separate G-R distribution at low magnitudes. It is worth
noting that Californian fault hazard modelers [e.g. Jordan et
al. 2006, WGCEP 2008] adopted the same earthquake
recurrence models, with their Type C source corresponding
to our G-R behavior, Type A to our CH model, and Type B to
our HY model. In contrast to the approach in the U.S.A., the
Italian faults were not classified on the basis of the degree of
knowledge (none of the mapped Italian sources satisfies the
rules of a Type A fault), but mainly on the basis of their
earthquake-fault association over the last millennium. The
expected earthquake rates were therefore assigned to each
SB, anchoring the frequency-magnitude distributions on the
values of M___and 1/T,, . A fixed b-value of 1.0 (obtained
using all of the earthquakes that have occurred in the
Apennine extensional SP-B) was given to the G-R sources, and
the Gaussian distribution was truncated at a standard
deviation o,, of 0.3. These «geologically driven» earthquake
models can alone explain all of the observed seismicity in
SP-B, which overlapped the historical rates in some magnitude
ranges: this was consistent with the modeling of earthquake
occurrences that were not represented in the catalog.
Finally, if a fault was modeled with characteristic
earthquake behavior, the time-dependency was introduced
by a renewal process, which considered the elapsed time
from the occurrence of the last event. By adopting the
formulation of the BPT distribution [Matthews et al. 2002],
the probability of having a characteristic earthquake of a
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given magnitude conditional on the elapsed time in a given
t years should be expressed as an equivalent Poissonian

fictitious return time T as given by Equation (1):

fictitious®

-t
In(1 — P(Char_event | telapsed))

Tﬁctitious = (1)
from which the time-dependent seismic hazard maps were
computed [Pace et al. 2006: fig. 13].

Background Sources

Cells of dimensions 0.1°x 0.1° (latitude X longitude)
covered the whole of the study area in a nearly continuous
pattern, and they represented the diffuse background low to
medium seismicity (M < 5.5). The CSTT instrumental catalog
[CSTI Working Group 2001] that covered the period from
1981 to 1996 was used in the data gathering and magnitude
assessment for homogeneity reasons. The CSTI catalog was
declustered using a downward interpolation of the Knopoff
[2000] table to satisfy stationarity; deep events (h > 50 km)
and earthquakes below completeness magnitudes (M < 2.0)
were removed. From an original set of about 34,700
earthquakes, this procedure yielded a subset of 15,364 events,
of which about 1/3 were located in the study area. An
electronic version of the filtered catalog is available from the
authors on request. The expected seismicity rates were
obtained by truncated G-R relationships, using a regularly
spaced spatial grid (0.1°x 0.1°) and a search radius of 20 km
from the center of each cell. The G-R a and b parameters were
computed only on subsets of more than five earthquakes,
using a least-squares method. Sensitivity analyses have
demonstrated that these choices (spatial kernel, fitting
algorithm, and the use of small data samples) have a negligible
impact on seismic hazard maps. The G-R coefficients were
applied in the magnitude range from 3.0 to 5.5 for all of the BK
sources, except those located inside one of the SPs (SP-B),
for which the upper limit was decreased (M = 4.5) due to a
more detailed characterization of individual SBs.

We describe in the next section how the original LASSCI
parameters were modified to satisfy the requirements of the
CSEP experiment, along with the improvements in the fault
parameterization that have been made over the last few years.

3. From 2006 to 2009: the CSEP improvements

When Italy was selected as the testing region for this
CSEP experiment, we decided to submit the LASSCI because
the basic assumptions and data that were available were, in
our opinion, still up-to-date. We kept the LASSCI as close as
possible to the 2006 published version, and therefore avoided
the need to change the instrumental or historical databases,
fault geometries, and earthquake-to-fault associations for the
SBs; similarly we avoided changing other computational
choices that were not adopted now — e.g., choices made in
characterizing the BKs (see below) — to preserve the same
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Figure 2. Maps of the Gutenberg-Richter coefficients computed using a grid node spacing of 0.1°x 0.1° and a search radius of 20 km. The grid has
the same spacing as in the original study in Pace et al. [2006], but it was shifted by 0.05° for the CSEP project. The dataset was the instrumental catalog
from 1981 to 1996 (CSTI) [CSTI Working Group 2001]. The catalog was declustered following Knopoff [2000], to satisfy stationarity, and deep events
(h > 50 km) and low magnitudes (M < 2.0) were also filtered. The Gutenberg-Richter relationship was determined using the least-squares method.
White nodes refer to subsets with too few events (n < 5) to compute the G-R interpolation.

seismic hazard pattern in low seismicity areas. These areas
are therefore poorly constrained at present, just as they were
some years ago. Instead, the main effort was focused on
introducing error treatments of the SB parameters
[following recent studies, e.g., Peruzza et al. 2010], and in
formatting the LASSCI as requested by the rules of the CSEP
project. For the medium-term forecasts, the Italian testing
experiments required the expected seismicity rates for two
time frames (2009-2014 and 2009-2019; starting date: August
1, 2009) in the range of magnitudes from 5 to 9, with a bin of
0.1, on a predefined spatial grid with 0.1° spacing
(http:/ /www.cseptesting.org/ meetings/rome20081027). A
short description of the modifications made to each of the
three layers follows.

BK — Background

As previously indicated, we decided to maintain the
original choice of earthquake catalogs as we considered
them to still be reliable [see comments in Pace et al. 2006].
The BK cells of the 2006 model had the spacing requested
by the CSEP project, but did not exactly coincide with the
testing grid nodes. We therefore repeated the search within
a 20 km distance of the new points that were shifted by
0.05° with respect to the original locations, and recomputed
the G-R coefficients. In Figure 2, the new a and b values
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obtained with the least squares method are mapped: only
the nodes with at least five events were represented, and
the a values were normalized to one year, and toa 10 X 10 km
unit area. Conversely, the minimum magnitude (M = 5.0)
required by CSEP meant that we had to modify the original
choice of BK upper limit that was set up by Pace et al.
[2006] at M = 4.5 inside SP-B, and at M = 5.5 inside the
other SPs. In 2006, this choice was made to avoid overlaps
with the seismicity distribution given for the SBs in SP-B,
and to take into account the completeness magnitude
threshold of the historical catalog elsewhere. This had been
consistent with the aim of the previous study (as a
representation of the seismic activity in terms of traditional
hazard maps, as peak ground acceleration was not expected
to be exceeded at a given probability level in a given time
frame), but it was not adequate for the CSEP testing that
now required earthquake rates on grid points in magnitude
bins of 0.1. By excluding the BKs for M < 5.0, many nodes
outside the SBs would have remained completely aseismic,
a choice which we considered as not acceptable. We
therefore defined new criteria for the selection of a
homogeneous upper magnitude of BKs over the entire
study area. The new, spatially homogeneous upper
boundary for the BK sources was M = 5.3, which was
obtained by minimizing the cumulative misfit of the
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seismic moment rate as given by the experimental data (the
catalog content) and theoretical G-R models (a and b
coefficients). In Figure 3, the misfit between the observed
and calculated seismic moments is shown for increasing
magnitudes from 5.0 to 5.5, with the G-R coefficients
computed by least-squares fitting and maximum-likelihood
methods. We noted that: (i) the misfit rapidly increased
when the upper limit of the magnitude threshold reached
5.5; and (ii) the use of different fitting methods had minor
effects on the misfit, even if the maximume-likelihood-
derived coefticients caused systematically higher misfits.

For these reasons, our final choice for the G-R computation
of the expected seismicity rates for the BK layer was to
determine the least-squares fitting coefficients applied to a
range of magnitudes (5.0 - 5.3). We performed other sensitivity
analyses on the sample-size threshold used to compute local
G-R relationships, and on the fitting method; the a and b
coefficients remained unchanged when the interpolation was
applied to sample sizes of more than about 30 events, but the
effects of poorly constrained cells was not crucial on a seismic
hazard map, as it is the highest rates (a values >1.5 eqs/yr in
Figure 2a) that mainly control the results.

As the earningy dataset for the BKs was limited to data
collected prior to and including 1996, a forecast testing in
this magnitude range (5.0 - 5.3) was possible, performed
retrospectively starting with data from 1997.

SP — Seismotectonic Provinces

The SPs were used to model the expected earthquake
rates with M > 5.3 that were not directly correlated to the
SBs, and therefore comprised SP-A, SP-C and SP-D: in SP-B,
the SBs alone were sufficient to explain and overcome all of
the observed seismicity, and therefore this SP was not
modeled as an area of homogeneously distributed seismicity,
but rather by SBs and BKs only. As no earthquake with M > 5.3
had occurred in these three SPs since the end of the catalog
(December, 2002), we retained the G-R relationships
computed in 2006 [see Pace et al. 2006: fig. 7]. Criticisms of
this previous parameterization had arisen from the
heterogeneous definition of the magnitude in different
earthquake catalogs. In our case, the instrumental catalog
(CSTI) [CSTI Working Group 2001] uses local magnitudes
(M,) for the period 1981-1996, while the historical dataset
(CPTI04) [CPTI Working Group 2004] gives estimates
referred to as moment magnitudes that had been mainly
derived by converting the macroseismic intensities into M.
We therefore checked these magnitudes by transforming the
M, values of the instrumental catalog in M values using the
empirical relationship used by MPS Working Group [2004]:

M, = 0.812 M, + 1.145 .

The G-R distributions obtained from the historical and
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Working Group 2001] below. M; were converted into M, as explained in
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instrumental datasets overlapped Dbetter with the
«<homogeneous» magnitude, and the G-R relationships
derived from the CPTI04 historical catalog in 2006 were
considered representative of the expected seismicity rates
inside the SPs (Figure 4), even at magnitudes below the
completeness threshold of the historical dataset (M 5.5). The
lower threshold of the magnitude of the SPs was fixed at 5.4
(M,) to avoid the duplication of rates between the BK and
SP layers; upward distributions were truncated at magnitudes
corresponding to an annual rate of 1072

A problem of heterogeneity in magnitude assessments
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n’ sources n’ nodes node allocation method seismicity rates calculation method
BK 629 629 one to one . G-R CSTI
magnitude range 5.0-5.3
%)
&
: SP 3 368 area source / n° nodes . G-R CPTI «
g magnitude range 5.4-Max 000y
individual boxes modeling, time-dependency or not
SB 27 119 percentage of area coverage magnitude range 5.4-M,,

Table 1. Summary of information for each of the three layers of the LASSCI2009.2. BK, background layer; SP, seismotectonic provinces; SB, seismogenic
boxes layer. For each layer, the number of sources is given with the total number of nodes of the CSEP-grid contained in the layer. The column «node
allocation method» briefly describes how the total rates for each source were assigned to the nodes of the grid. The last column summaries the main method
.. value corresponding to a mean recurrence time of ~1,000
years; **: M value calculated from the geometry of each individual source; details in Pace et al. 2006).

for the seismicity rate computations and the range of magnitudes covered by the layer (*: M,

SEISMOGENIC BOXES (SB) last maximum observed earthquakes exlslected eXI? ected model Tdep
max Mmax
1 Bove-Vettore 4155/3965 BP-600/ 700 AD (paleo) 6.9 1348 CH yes
2 Gorzano 1639/10/07 (hist) 6.7 1927 HY yes
3 Gran Sasso after 3480/ 3400 BP (paleo) 6.7 1110 CH yes
4 Gubbio 1984/04/29 (instr) 64 795 GR no
5 Gualdo Tadino 1751/07/27 (hist) 6.4 1114 HY yes
6 Colfiorito 1997/09/ 26 (instr) 64 1105 CH yes
7 S. Martino-Civitella 1997/10/ 14 (instr) 6.1 697 GR no
8 Nottoria-Preci 1703/01/14 (hist) 6.7 2007 HY yes
9 Cascia-Cittareale 1703/01/14 (hist) 6.6 1127 HY yes
10 Montereale 1703/01/16 (hist) 64 724 CH yes
11 Pizzoli-Pettino 1703/02/02 (hist) 6.6 1319 CH yes
12 Paganica 2009/ 04/ 06 (instr) 6.3 493 CH yes
13 Media Valle Aterno > 3000 BP (paleo) 6.6 2180 CH yes
14 Sulmona 100 (hist) 6.6 926 CH yes
15 Pizzalto- Cinquemiglia 1315/12/03 (hist) 6.5 1229 CH yes
16 Valle Umbra N 1832/01/13 (hist) 5.7 190 GR no
17 Valle Umbra S 1878/09/15 (hist) 5.7 246 GR no
18 Rieti 1898/ 06/ 27 (hist) 6.3 1214 HY no
19 Valle del Salto / 6.6 1287 CH no
20 Velino-Magnola 1904/02/24 (hist) 6.6 920 HY no
21 Campo Felice-Ovindoli 1349/09/09 (hist) 6.7 749 CH yes
22 Fucino 1915/01/13 (instr) 6.6 702 CH yes
23 M. Marsicano / 6.5 991 CH no
24 Barrea 1984/05/07 (instr) 6.4 1226 GR no
25 Sora 1654/07/23 (hist) 6.4 1898 HY no
26 M.S. Maria Tiberina 1917/04/ 26 (instr) 5.9 663 CH yes
27 Citta di Castello 1458/04/26 (hist) 6.5 1300 HY yes

Table 2. Seismogenic boxes parameterization. Last maximum observed earthquakes were taken from: hist, CPTI Working Group [2004]; instr,
instrumental catalog CSTT Working Group [2001], and ISIDE database available at http://iside.rm.ingv.it/iside; paleo, paleoseismological data from
Galli et al. [2008] and references therein (for 13-Media Valle Aterno, Falcucci et al. 2009). «Expected M, _» and «expected T, » represent the expected
maximum magnitude and mean recurrence time [see details in Peruzza et al. 2010]. The type of model chosen was: CH bell-shaped approximation
of a characteristic earthquake; GR, Gutenberg-Richter exponential distribution function; HY, hybrid model with a characteristic peak and a G-R tail
for smaller magnitudes. The final column indicates if a time-dependent approach was used for the SB.

for magnitude M > 5.4 could be retrospectively performed inside
SP-A, SP-C and SP-D starting with data collected since 2003.

According to the homogeneous and uniform distributions
of seismicity invoked for seismic hazard purposes, the SP
earthquake rates were uniformly partitioned on the CSEP

still persists, which was enhanced by the recent L'Aquila
earthquake (M; = 5.8; M = 6.3) [Chiarabba et al. 2009],
although this is outside the scope of this report and will have
to be handled as necessary by the CSEP validation team.

As the dearning» dataset for each SP was limited to data

prior to and including 2002, we believed that the forecast testing ~ grid nodes (see Table 1).
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Figure 5. Implementations made to the CSEP test based on the SB sources. (a) Slip-rate uncertainties associated with each fault. Black square, slip rate
used in Pace et al. [2006] and revised according to the literature. (b) Mean recurrence times (left y-axis) and aperiodicities (ALFA, right y-axis) assigned to
the faults in 2006 (gray bars) and in 2009 (colored bars) according to the error propagation technique described by Peruzza et al. [2010].

SB — Seisogenic Boxes

The global approach to the treatment of individual
sources remains the same with respect to Pace et al. [2006],
although some modifications linked to recent studies have been
introduced. The modifications have conceptual/theoretical
implications and some impact in terms of expected hazard.
With the occurrence of the L'Aquila earthquake, on April 6,
2009, we introduced a major change with respect to the 2006
model: the time elapsed since the last event, calculated at August
1, 2009, dropped to zero years for the Paganica source (ID 12
in Figure 1b and Table 2), as the M 6.3 earthquake that nearly
occurred is considered to be its characteristic event. Conversely,
the earthquake-fault association and occurrence models
assigned to the faults remained the same as in the previous
study [Pace et al. 2006: tables 2, 3; reported here in Table 2].

The modifications and implementations that we made
for the CSEP project concerned:

a) Revision of geometries and characteristic earthquake
associations for the northern-most sources 26-27-28 in Pace et
al. [2006] (Citta di Castello Basin), which in the light of recent
detailed work by Brozzetti et al. [2009], is now considered to
be two sources (26-27) with slightly different geometries.

b) Updating of slip rates using recent studies. The slip
rates were mainly inferred from detailed topographic profiles
across the scarp, assuming that the displacement had
accumulated from the last glacial maximum in central Italy
from ~18,000 years ago [Roberts 2006, and references therein],
and from paleoseismological trenches [Galli et al. 2008, and
references therein]. To determine the error propagation, we
evaluated the minimum and maximum slip rates using the
values given in the studies, or we assigned an inferred error
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of 50% to the faults with unknown uncertainties. For some
sources (Figure 5a, ID 8, 14, 20-22), the slip rate revision led
to newly defined ranges that did not contain the original slip
rates used by Pace et al. [2006].

¢) Introduction of formal error propagation for
) of the
characteristic events and aperiodicity [see Peruzza et al. 2010,

assigning the mean recurrence time (T,
for methodology]. The updated values are given in Figure
5b and Table 2, and their roles in the earthquake probabilities
will be commented on below.

d) Computation of earthquake probabilities with more
accurate algorithms (Figure 6). We found and fixed some
problems that related to the numerical precision when
computing the conditional probabilities on the tail of the BP'T
function. Numerical precision problems were responsible for
earthquake probability underestimates for some sources in
the previous 2006 model, namely those characterized by the
longest elapsed times (e.g., 2-Gorzano, 3-Gran Sasso).

Points ¢) and d) (error propagation and correct
computation of conditional probabilities) proved to be non-
trivial issues; they were the key to the changes in the
earthquake probabilities for SBs in central Italy of the LASSCI
version 2009.1 (LASSCI2009.1) [Peruzza et al. 2011], which had
been prepared for the CSEP validation test before the L'Aquila
earthquake, with respect to the original 2006 version. In
particular, the Paganica source turned out to be the most
probable source (with more than a 30% of probability of
having a characteristic event in the 5 years following 2009),
without any change in source geometry or earthquake
association (the last event assigned to this fault was in 1461).
After the L'Aquila earthquake (LASSCI2009.2) its probability
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Figure 6. Earthquake probabilities (Y-axis, right) of a M, __eventin 5 years
for the LASSCI SB sources as computed for the CSEP test. The conditional
probability of occurrence in the next 5 years from August 1, 2009, were
calculated using the BPT distributions for sources where time-dependency
was applied (Table 2, final column), or by exponential distribution (Poisson
hypothesis, memoryless) in the other cases. On the left Y-axis, the mean
recurrence time and elapsed time are given (elapsed time set to 9999 years
if unknown). LASSCI2009.1 (forecast on April 1, 2009) and LASSCI2009.2
(forecast on August 1, 2009) differ in terms of their source 12-Paganica (the
elapsed time dropped from 548 to 0 years due to the occurrence of the
L'Aquila earthquake) and source 13-Media Valle Aterno (as new
paleoseismological data were made available by Falcucci et al. [2009], and
the source was not treated as Poissonian any more).

dropped to zero as the elapsed time since the last event
dropped from 548 years to 0. In this second, LASSCI2009.2,
release, the nearby SB 13 (Media Valle Aterno; see Table 2)
was assigned an increased probability, as the source was
treated as Poissonian (no date for a previous earthquake;
Figure 6, gray bar) in the 2009.1 release, while the preliminary
results of the paleoseismological trenches obtained after the
L'Aquila earthquake suggested that this source should be
treated with time-dependency (the last
approximately 3,000 years ago) [Falcucci et al. 2009]. In theory,
retrospective testing of forecasts linked to this source layer is

event was

not feasible for time-dependent SBs (Table 2, last column), as
the conditional probability changed with the starting time of
the forecast period; in practice, it should be used carefully for
retrospective testing only if the time elapsed is not significantly
different from the time used here, or if the most recently
activated sources are excluded (e.g., the Paganica fault).

The seismicity distributions assigned to each SB, which
were modeled as previously described in Section 2, were
finally partitioned between the CSEP grid nodes intersecting
the source polygon. The partitioning was carried out by
considering the percentage of the area covered by each CSEP
cell, with respect the total area of the SB (Table 1).

4. Results

In Figure 7, the expected seismicity rates in central Italy
are summarized, as calculated for the 5 years starting from
August 1, 2009, for five example magnitude bins. The
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magnitude range from 5.0 to 7.0 highlights the contributions
of each of the three layers of the LASSCI to the total
computation of the expected seismicity rates. All of the
results in terms of seismicity rates shown in the maps of
Figure 7 refer to an area of 0.1°x 0.1° (latitude X longitude),
centered on the CSEP testing area nodes.

Figure 7a shows the magnitude M = 5.0 data, where
there is a high spatial variability of the expected seismicity
due to the contribution of the background seismicity.
Although the 1997-1998 Umbria-Marche seismic sequence
was not represented in the instrumental catalog that spans
from 1981 to 1996, simply because it had not yet occurred,
the results show significant rates in the Colfiorito area and
in an E-W elongated strip that reached the coast south of
Ancona. Seismicity rates as high as those for Umbria-Marche
were expected in the area between Mt. Gorzano and
L'Aquila, and south of Barrea. Also, the area around the
town of Chieti that was affected by only a few of the events
in the 1981-1996 period, had a local seismicity rate
maximum, with expected values between 10~* and 1073
events of M = 5.0 in 5 years. The areas with the lowest
seismicity rates are concentrated west of the volcanic district
of Lake Bolsena (northwest of Viterbo) and around the
easternmost city of Pescara along the Adriatic coast. A
comparison of these data with those obtained with the
INGV catalog from April 2005, which was more limited in
time, but much more complete in magnitudes detected, is
under analysis at present and will be the subject of future
investigations.

Figure 7b shows the expected seismicity rates for M = 5.5,
whereby the contributions of the individual SBs and SPs
become clear. The BK layer was absent due to the upper
boundary of M = 5.3 that was chosen for that layer. Some
spatial clusters of high rates were located in the SBs where a
G-R or hybrid model was assigned; in that magnitude bin,
the Gaussian distribution used to represent the «characteristic
earthquake» model was nearly always already truncated. In
agreement with historical observations, SP-C and SP-D
gave higher values than SP-A. However, the rates were
homogeneously distributed between the SPs, as no
earthquake-fault association was given.

For magnitude bins in the range M = 6.0-7.0, there was
little spatial variability in the earthquake rates inside SP-B, as
each SB had its own occurrence model that varied in terms
of the functional shape (logarithmic G-R behavior, Gaussian
CH, or both HY; see Table 2), time dependency, elapsed time
and maximum assigned magnitude. For M = 6.0 (Figure 7¢),
the contribution of a few sources (4, 7, 14, 18 and 24) became
prominent, whereas the remaining sources have rates similar
to SP-C and SP-D.

A comparison between the expected rates for M = 6.5
for the analysis of April 1, 2009 (LASSCI2009.1; computed
before the L'Aquila earthquake; Figure 7¢) and those for the
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Figure 8. Map of the peak ground acceleration expected not to be exceeded in 50 years at a 90% probability level in central Italy, using the time-dependent
LASSCI2009.2, updated for the CSEP validation test. The forecast was for August 1, 2009. The code SEISRISKIII by Bender and Perkins [1987] and the
Ambraseys et al. [1996] attenuation relationship were used. The enlargement shows the forecast on April 1, 2009 (release LASSCI2009.1) in the L'Aquila
region. The stars show the locations of the major events that were reported. Legend: a rough correlation between peak ground acceleration values and
macroseismic intensities (MCS) derived from Italian literature [Margottini et al. 1992, Decanini et al. 1995].

analysis of August 1, 2009 (after the event of April 6, 2009;
Figure 7d) was of particular interest. In Figure 7e, the
earthquake rates showed two local maxima around sources
12 (Paganica) and 14 (Sulmona). After the L'Aquila
earthquake (Figure 7d), a seismicity rate maximum remained
in source 14 and the expected seismicity decreased for source
12. High seismicity rates still characterized many other
sources in the central Apennines. Finally, for M = 7.0, the
highest rates were located around the largest sources: the Mt.
Vettore-Gran Sasso alignment (sources 1 to 3), and the
Campo Felice-Ovindoli SB (source 21) in the central part of
the study area.
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5. Discussion

According to the CSEP forecasting rules and the
deadlines set up for the Italian testing region of the CSEP
project, we updated and improved our regional model
published in 2006. We calculated the expected seismicity
rates in central Italy with a release of the model
(LASSCI2009.1) that was ready to be submitted for the initial
deadline of April 1, 2009 [download available in Peruzza et al.
2011]. The shift of the submission deadline and the
occurrence of the L'Aquila event on April 6, 2009, led to a
second release (LASSCI2009.2) that underwent testing
starting on August 1, 2009. The experiment is expected to
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end in 2014 and 2019 (for the 5-year and 10-year forecasts,
respectively) and will evaluate the credibility of the LASSCI.

At present, the LASSCI2009.1 release allows an
immediate retrospective test of our model. The probabilities
of a maximum magnitude earthquake in an individual SB are
shown in Figure 6. These values were derived from a
parameterization of the maximum earthquake size and the
recurrence times constrained by the fault characteristics, and
they were not exclusively limited to direct observations of
earthquakes. A simple renewal process was applied to some
SBs, abandoning the stationary assumptions that have been
commonly used in earthquake ratings. This mimics elastic
rebound theory, but neglects fault interactions. On April 1,
2009, the highest conditional probability of having a
characteristic event (more than 30% in the next 5 years) was
assigned to the Paganica-12 SB, where the April 6, 2009, event
occurred [Walters et al. 2009]. In the LASSCI2009.2 release,
this had decreased to zero, due to the change in the elapsed
time from 548 to 0 years. According to some studies, the
Paganica source was one of the individual sources
recognized in central Italy before the earthquake; however,
some other sources had significant probabilities of having a
M > 6 earthquake, as they represented long-lasting silent
faults. Of note, in our model the occurrence of the L'Aquila
earthquake did not significantly reduce the aggregate
probability of having at least one large earthquake (M > 6) in
this area [Peruzza et al. 2011]. Homogeneously distributed
earthquake rates were modeled in nearby SPs, as no better
geometrical constraint to individual sources is feasible at
present. For low magnitudes (M = 5.0), the LASSCI predicted
rates higher than 10 earthquakes in 5 years in cells of size
0.1°x 0.1°, in nearly all of the cells in the study area.
However, the seismicity is poorly constrained along the
coasts. In the framework of a renewal model that did not
account for fault interactions, the 14-Sulmona source is now
the most probable active fault that has been recognized in
the extensional SP along the central Apennines, where some
recent studies have enhanced the role of static stress changes
for accelerating the seismic cycle on the nearby 2-Gorzano
fault [Walters et al. 2009: Campotosto fault]. Since summer
2009, a temporary seismometric network managed by our
institutions has been recording the microseismic activity in
the southern part of the middle Aterno Valley (SB 13) around
the Sulmona basin [de Nardis et al. 2010].

Even though the earthquake rates showed large spatial
variabilities between the magnitude bins (see Figure 7), these
were not reflected in the seismic hazard map. In Figure 8, the
time-dependent seismic hazard map given in terms of peak
ground acceleration is expected not to be exceeded at 90%
probability in the next 50 years (starting from August 1,
2009), and it is useful for identifying the most hazardous
areas in central Italy where, according to our model, prompt
seismic risk reduction strategies are needed. The expected
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peak ground acceleration values near L'Aquila before the
2009 seismic sequence (LASSCI2009.1) are shown in the
expanded panel of Figure 8, and they were consistent with
the values recorded by the national accelerometric network
(Rete Accelerometrica Nazione-RAN) [Ameri et al. 2009,
Gorini et al. 2010] and with the macroseismic intensities that
were experienced [Galli and Camassi 2009; converted into
peak ground acceleration values by common correlation
relationships; e.g., Margottini et al. 1992, Decanini et al. 1995].
This is because in this particular probabilistic representation
(90% chance of not being exceeded in 50 years, corresponding
to 475 years return time), the fictitious recurrence time Tsions™
135 years assigned to a characteristic event on the Paganica
source corresponded to a deterministic scenario inside this
source (p ~ 97% = 1—e~¥%/139) [see also Peruzza et al. 2011].

Nevertheless, as a model cannot be validated by one
earthquake, we trust that the CSEP project will help in
answering open questions, such as the superiority of
stationary versus time-dependent assumptions, the role of
fault interactions, the applicability of the characteristic
earthquake model versus G-R behavior, and the reliability of
the fault characteristics in estimating earthquake parameters
and their uncertainties.

In Italy, we hope sufficient energies and funds will be
invested in a wide range of seismic retrofitting projects, to
avoid the casualties we suffered in 2009.
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