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Abstract

The first days elapsed after the occurrence of an earthquake and its triggered aftershocks are
crucial in terms of emergency decision-making. To this end, the adopted novel and fully-
probabilistic procedure succeeds in providing spatio-temporal predictions of aftershock oc-
currence in a prescribed forecasting time interval (in the order of hours or days). The proce-
dure aims at exploiting the information provided by the ongoing seismic sequence in quasi-
real time. The versatility of the Bayesian inference is exploited to adaptively update the fore-
casts based on the incoming information as it becomes available. The aftershock clustering in
space and time is modelled based on an Epidemic Type Aftershock Sequence (ETAS) model.
One of the main novelties of the proposed procedure is that it considers the uncertainties in
the aftershock occurrence model and its model parameters. This is done by pairing up the
Bayesian robust reliability framework and the suitable simulation schemes (Markov Chain
Monte Carlo Simulation) provides the possibility of performing the whole forecasting proce-
dure with minimum (or no) need of human interference. This procedure is demonstrated
through a retrospective spatio-temporal early forecasting of seismicity associated with the
2016 Amatrice-Norcia seismic sequence in central Italy. Seismicity forecasts are issued with
various time intervals in the first few days after the main events within the sequence.

Keywords: Time-dependent reliability, Aftershock sequence, ETAS, Markov Chain Monte
Carlo Simulation, Operational aftershock forecasting, Central Italy seismic sequence.
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1 INTRODUCTION

Short-term operational seismicity forecasts (in the order of days to months), in the presence
of a vast number of aftershocks following a large earthquake, are of utmost importance for
emergency decision-making and risk mitigation in the disaster area [[1]-4]. The Epidemic
Type Aftershock Sequence (ETAS) model [5, 6] is the stochastic model most frequently used
to describe earthquake occurrence within a seismic sequence. It is an epidemic stochastic
point process in which every earthquake within the sequence is a potential triggering event for
subsequent earthquakes, and therefore generates its own well-defined Modified Omori [7]
(MO) aftershock decay. Hence, it is capable of accounting for the triggering effect of all the
events that have taken place before a desired time. The ETAS model performed quite well in
operational seismic forecasting during the L’ Aquila 2009 (central Italy) seismic sequence [8].
The model parameters are usually calibrated a priori based on the maximum likelihood crite-
rion. The first effort on the calibration of temporal model parameters has been carried in [5],
and extended later [6, 9, 10] to estimate the spatio-temporal model parameters. In addition,
several attempts are made for developing improved algorithms to attain maximum likelihood
estimates of ETAS parameters [11-13]. Adaptive model parameter estimation based on the
events in the ongoing sequence (e.g., calibrating the parameters of MO and ETAS models
based on the ongoing catalogue by employing Bayesian parameter estimation [14-18]) has the
advantage of both tuning a sequence-specific model, and also capturing possible time varia-
tions of the model parameters. As the original purpose of the present paper, we propose a ful-
ly simulation-based method to provide a robust estimate [16, 18] for the spatial distribution of
the events in a prescribed forecasting time interval after the main event. In the context of this
robust estimate, the uncertainty in the ETAS model parameters is taken into account as the
posterior joint probability distribution for the model parameters conditioned on the events that
have already occurred (i.e., registered events in the ongoing seismic sequence before the be-
ginning of the forecasting interval). The Markov Chain Monte Carlo (MCMC) simulation
scheme [16-19] is used to sample directly from the posterior probability distribution for
ETAS model parameters (i.e., conditioned on the registered events in the ongoing sequence).
Moreover, this robust estimate also considers the sequence of events that is going to occur
during the forecasting interval (and hence affect the seismicity in an epidemic type model like
ETAS). Although this sequence is unknown at the time of forecasting, we propose a stochas-
tic procedure to generate it. The procedure leads to the stochastic spatio-temporal distribution
of the forecasted events and consequently to the uncertainty in the estimated number of events,
corresponding to a given forecasting interval. The resulting robust forecasts are directly appli-
cable in adaptive daily aftershock hazard and risk assessment procedures [15, 20-22].

The proposed methodology is applied to provide retrospective early forecasting of seismic-
ity associated with the 2016 Amatrice seismic sequence activities in central Italy. Robust spa-
tio-temporal short-term seismicity forecasts are provided with various time intervals in the
first few days elapsed after main events within the sequence, which can predict the seismicity
within plus/minus two standard deviations from the mean estimate within the few hours
elapsed after the main event.

2 METHODOLOGY

The aftershock occurrence is described herein by a non-homogenous Poisson point process
over the two-dimensional space and time. Hence, the aftershock zone can be described as the
set A in the Cartesian space discretized into mutually exclusive and collectively exhaustive
(MECE) subsets or spatial cell units centered at (x,y)eA. In this manner, A(¢x,y,m|seq,M))
represents the rate of occurrence of events in the forecasting interval [T, Tend] at time ¢
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elapsed after the main event (a.k.a. main-shock) occurred at time of origin 7o with magnitude
greater than or equal to m and in the cell unit centered at (x,y)eA, given (a) the observation
history seq which is the sequence of No events (including main-shock and the sequence of af-
tershocks) taken place before the forecasting interval (i.e. in the interval [7o , Tswr) ), and (b)
the lower cut-off magnitude M:. Hence, seq can be expressed as seq={(tix:yi,mi), ti<Istwart,
mi>M, i=1:No}, where t; is the arrival time for the ith event with magnitude M; and location
(xi,yi)eA. The average number of events in the spatial cell unit centered at (x,y) with magni-
tude greater than or equal to m in the forecasting interval [T, Tend] can then be calculated as:

Tona
N(x,y,m|seq,M1)=Nb (x,y,m|Ml)+ .[ ﬁ(t,x,y,m|seq,Ml)dt (1)

T,

start

where Np(x,y,m|M)) is a constant representing the background seismicity of the area. Let 0 de-
note the vector of model parameters for A(¢,x,y,m|seq,M). Given a particular space-time mod-
el and a realization of the vector of model parameters 0, one can calculate a plausible value
for the rate of occurrence denoted as A(z,x,y,m|0,seq,M). A robust estimate [16, 18, 19, 23] of
the average number of events in the spatial cell unit centered at (x,y) with magnitude greater
than or equal to m in the forecasting interval [Tsiwarr, Tend], and over the domain of the model
parameters Qg can be calculated as:

Tona
E[N(x,y,m|seq,M,)]=Nb(x,y,m|M,)+J j Z(t,x,y,m

Q 0 Tsml't

9,seq,M,)-p(0|seq,M,)dth (2)

where p(6|seq,M) is the conditional probability distribution function (PDF) for 6 given the
seq and the lower cut-off magnitude M.

As mentioned above, seq denotes the sequence of events taking place before the beginning
of the forecasting interval (i.e., in the interval [7o , Tsar) ). However, the triggering effect of
the events taking place during the forecasting interval [T, Tend] 1s expected to play a major
role. The sequence of events taking place during the forecasting interval denoted as seqg,
which is unknown at the time of forecasts, is simulated/generated herein. Let us assume that a
plausible seqg is defined as the events within the forecasting interval defined as
seqg={(IAT:xi,yi,mi), Tstar<ti<Tena, m>Mi}, where IATi=ti-ti1 stands for the inter-arrival time.
The robust estimate for the number of aftershock events in Eq. (2) should also consider all the
plausible sequences of events seqg (i.e., the domain (seqg) that can happen during the fore-
casting time interval:

N(x,y,m|seq,M,) =N, (x,y,m|M,)+

o 3)
J. I j/'t(t,x,y,m|squ,9,seq,M,)dt p(seqg|0,seq, M, )dseqg |p(0|seq,M,) dO

Qﬂ Qsqu T\\mrz

where p(seqg|0,seq.M)) is the PDF for the generated sequence seqg given that 0 and seq are
known and A(z,x,y,m|seqg,0,seq,M)) is the space-time clustering model. Herein, we have em-
ployed the space-time clustering ETAS model considering also the sequence of events taking
place within the forecasting interval.

The ETAS model is an epidemiological stochastic point process in which every earthquake
is a potential triggering event for subsequent earthquakes [5, 6, 9, Errore. L'origine riferi-
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mento non ¢ stata trovata.0]. According to the general ETAS model, we adopt the spatio-
temporal triggering effect of a given sequence on the seismicity rate, denoted as Aeras, as:

0, M) = -B(m-M,) K ﬂ(Mf_MI)_ Kt . KR 4)
B P L e

ﬂ“ETAS(t:x:yam

where seq—={(,x;,i,M,), t;i<t, Mi>M} is the observation history up to the time #; parameter £ is
related to Gutenberg-Richter seismicity; parameters ¢ and p are similar to those of the Modi-
fied Omori’s Law [7] defining the decay in time of short-term triggering effect; d and ¢ char-
acterize the spatial distribution of the triggered events; 7; is the distance between the location
(x,y)eA and the epicenter of the jth event (x;,)5); parameters K, K: and K satisfy the achieve-
ment of asymptotic compatibility between ETAS predictions and the long-term seismicity
(see [18] for a comprehensive discussion on satisfying the compatibility condition for the pa-
rameters K, K: and KRr).

Thus, the vector of model parameters 6 can be defined as 6=[f, K, Ki, K&, ¢, p, d, q]. It is to
note that parameters K, K, and Kz are derived as a function of other model parameters in 0;
therefore, the main parameters of the ETAS model include [, ¢, p, d, ¢]. The rate of events in
the ETAS model with magnitude (exactly) equal to m, denoted herein as ueras herein, is cal-
culated by taking the derivative of Eq. (4) with respect to magnitude m:

HETas (t,x, y.m | Oaseq;aMz) = ‘a/fLETAs/am‘ :ﬂe_ﬁ(m_M/))LETAS (t,x,y,M, | 0,seq,,Ml) (5)

The integral with respect to time in Eq. (3) cannot be calculated analytically over the entire
interval [Tswrt, Tend], and is approximated by summing over the sub-intervals [#-1, #] within
seqg:

Ty ,
j ﬂ(t,x,y,m|squ,9,seq,Ml)dt = Z J.ti Agras (£, X, y,m|seqg, ,,0,seq, M, )dt
Tt Qg
(6)

i2%i-1°%)

eﬁ(M/’M’)IO(tA font))

= > | KKK e "™
ggqg t Re ,/Z,‘ (k]?+d2)q

where Aeras has the functional form presented in Eq. (4), and seqg:-1 is the previous (i-1)
events within the generated sequence. In the following sections, it is described first how se-
quence of events seqg for the forecasting interval is sampled based on p(seqg|0,seq,M). Later
on, the method for sampling 0 from the distribution p(0|seq,M) is discussed.

2.1 Generating sequences according to p(seqg|0,seq,M;)
The probability distribution p(seqg|0,seq,M:) in Eq. (3) can be written as follows [18]:

p(seqg|0,seq,M,)=]] p(I4T,,x,, ..M, |seqg, ,,0,seq, M) (7)

where seqg: is the generated sequence up to the ith event, where seqg={seqgii,
(IAT:xi,yi,mi)}, and the sequence of events that precede the ith generated event is {seq,seqg:-
1}. The probability distribution p(I47:,x:,yi,miseqgi-1,0,seq,Mi) can be further expanded (again
using the probability product rule) as follows:
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pUAT, x,,y,,m, |seqg, ,,0,seq,M,) =

(8)

p(mi | squj—l > 9, seq: Ml )p(IAZ | ml‘ b Squ 09 se% M] )p(xi s yi | ]A]—; > mi s squi_l s Ga seq9 Ml)

i-1°

where p(mi|seqgi-1,0,seq,M)) is the marginal PDF for the magnitude m: given the sequence of
events that precede it, 0, and Mi; p(IATi{mi,seqgi-1,0,seq,M) is the (conditional) marginal PDF
for inter-arrival time /AT: given that the value of magnitude is equal to m;; finally, the term
p(xiyillATi,mi,seqg:i-1,0,seq,Mi) is the conditional joint PDF for the spatial position (xi,yi)eA
given that /AT; and mi are known. It should be noted that the break-down into the product of
several conditional PDFs is necessary during the sequence generation process.

To generate a plausible sequence of events during the forecasting interval, the procedure,
illustrated by the flowchart in Fig. 1 is adopted (for a comprehensive discussion on generating
the ith event within the sequence seqg, see the steps discussed in [18]).

N Phase 1
- "[ Sample m; ~ pexp (=fm) j/
' exp(—BM;)—exp(—BMmax)
P ettt et E T T
&£ g [ Calculate f4,,,, (eqn. 14) ] ~ Phase 2

y o L
i —
4 en(_) = ti—l I

[ Sample ATy, ~ um%exp (—pmax!AT) ]‘ ==
~

- lg
[ toen = Lgen') +1AT g and calculate p = #m:( ]

.-“‘-_‘/‘/

Figure 1: The flowchart for generating seqg (see [18] for complete discussion)

2.2 Sampling 0 from the distribution p(0|seq,M))

The probability distribution p(0|seq,M:) in Eq. (3) can be calculated using Bayesian param-
eter estimation:
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p(0|seq,Ml)=C_1p(seq 9,M,)p(9|M,) 9)
where p(seq|0,Mi) denotes the likelihood of the observed sequence given the vector of model
parameters 0 and lower cut-off magnitude M;, p(0|M)) is the prior distribution for the vector 6,
and C"! is a normalizing constant. In lieu of additional information (e.g., statistics of regional
model parameters), the prior joint distribution p(8]M:) can be estimated as the product of mar-
ginal uniform probability distributions for each model parameter. In order to sample from
p(0|seq,M:), Markov Chain Monte Carlo (MCMC) simulation routine is employed which is
particularly useful for cases where the sampling needs to be done from a probability distribu-
tion that is known up to a constant value [19] (herein, C-'). The MCMC routine uses the Me-
tropolis-Hastings (MH) algorithm [24, 25] in order to generate samples as a Markov Chain
sequence used first to sample from the target probability distribution p(0|seq,M:), and later to
estimate the robust reliability in equation (3). The MH routine is shown in Fig. 2 (see [18] for
complete discussion on the MH algorithm).

The likelihood for the observed sequence p(seq|0,M:), where seq={(txi,yi,mi), t:i<Tstart,
mi=M, i=1:No}, with No events, including the main-shock (with i=1) and the sequence of af-
tershocks is derived in [18].

-

4 [ Generate the initial sample 0, } \

__________ » [0,,0,,...,0,] ]
igt

.‘

Generate the sample 0" from the
proposal distribution £(0]0,)
JF
Evaluate the probability p,ccept
s L

Generate a random number 7,,,4 from
a Uniform(0,1) distribution

T &~ 1 I-"—‘\

Figure 2: Metropolis-Hastings (MH) algorithm (see [18])
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3 CASE-STUDY APPLICATION

3.1 Amatrice-Norcia 2016 seismic sequence

The proposed methodology presented in Section 2 is applied to provide retrospective fore-
casting for seismic activities of the 2016 Amatrice-Norcia sequence by analysing the regis-
tered data of quasi real-time catalogues from INGV (Istituto Nazionale di Geofisica E
Vulcanologia). The corresponding aftershock zone, as shown in Fig. 3a by the gray-colored
area, is located mostly within the seismic zone 923 based on the ZS9 Italian Seismogenetic
Zonation [26]. Fig. 3a shows also the seismogenic zonations surrounding the aftershock zone.
It is to note that based on the Italian seismic zonations, the upper-bound magnitude for seis-
mic zone 7923 is Mmax=7.06. On the 24th of August 2016 at 01:36 UTC, a Mw 6.0 earth-
quake struck the Central Italy between towns of Norcia and Amatrice, devastating Amatrice,
Accumoli and several surrounding small towns and villages, causing almost 300 fatalities and
leaving almost 30,000 homeless. The seismic sequence, including a Mw 5.4 aftershock (oc-
curred almost one hour after the main shock at 02:33 UTC), triggered hundreds of earth-
quakes per day until the mid-September. Two months after, on the 26th of October, a Mw 5.4
followed within a two-hour delay by a Mw 5.9 earthquake (at 17:10 and 19:18 UTC, respec-
tively) took place in the east of town Visso, and preceded the largest event of the sequence, a
Mw 6.5 on October 30 at 06:40 UTC, North of Norcia. This one is the largest earthquake rec-
orded in Italy since the Mw 6.9 1980 Irpinia event. Fig. 3b and Fig. 3c illustrate the seismic
activities within the aftershock zone during the first two months highlighting the key events
taken place. The present study strives to perform robust forecasts for the spatio-temporal evo-
lution of the events in specific time intervals within the very complex sequence described
above that is distinguished by three main events (“main-shocks’) of moment magnitudes 6.0,
5.9, and 6.5, respectively (as illustrated in Fig. 3b). We divide the sequence into three parts:
(a) from 24-August to 25-October, (b) from 26-October to 29-October, and finally (c) from
30-October to 1-November. We have used two different catalogues herein in order to gather
data backwards in time (see [18]).

3.2 Daily forecasts of seismicity from August 24 up to October 25

Figure 4 shows the forecasted seismicity maps in terms of the mean plus two logarithmic
standard deviation (98% confidence interval) for the number of events with M>3.0 within
each spatial cell unit issued for the 24-hour time forecasting intervals. The prediction time
window [T, Tend] indicates a 24-hour interval where Tiwrr is 6:00 UTC of the following day.
The sequence seq comprised of events registered in the Catalogue including the main event
up to the time Tsar. To issue the first forecast in Fig. 4a, the observation history, seq, com-
prises the main event with Mw 6.0 at 01:36 UTC and the triggered events up to 6:00 UTC of
24 August 2016, where the lower cut-off magnitude, M, of Catalogue is equal to 3.0 based on
the two methods discussed in [15] (the procedure adopted for evaluating the completeness
magnitude M. throughout the various phases of this multiple seismic sequence is described in
detail in [18]). In any case, M/=3.0 is considered as the cut-off threshold for the computation
of the aftershock rates for the upcoming days.

The first step towards providing seismicity forecasts (with reference to Eq. 3) is sampling
from the distribution of modal parameters 6 based on posterior (target) probability distribution
p(O|seq,M:). The vector 0=, K, Ki, Kz, ¢, p, d, q] is updated on a daily basis by applying the
Bayesian updating routine illustrated in Eq. (9) and considering that parameters K, K:, Kr are
derived as function of other parameters within vector 0 (see [18]). Samples for 6 are generat-
ed as a Markov Chain sequence directly from p(0|seq,M), as noted in Section 2.2.
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Figure 3: Amatrice-Norcia 2016 seismic sequence: (a) The aftershock zone indicated by the grey-coloured
box in perspective with the surrounding Italian seismogenic zonation; (b) The spatial distribution of aftershock
events based on Catalogue from August 24, 2016 (01:36 UTC) up to November 2, 2016 (10:32 UTC) bordering

four neighbouring provinces in Italy. The grey-coloured box defines the considered aftershock zone and the most
damaged towns are highlighted with green boxes. The main seismic events are illustrated as follows: M6.0 and
M6.5 with red stars; M5.4 (24/08/16), M5.4 (26/10/16), M5.9 (26/10/16) with magenta triangles; aftershocks

M=>3.0 with grey circles. (c) The number of events (with M>3.0) in Catalogue occurred within a 24-hour interval
starting from 6:00 UTC of the desired day.

The MCMC procedure for updating the model parameters is carried out adaptively (the
evolution in the statistics (mean and COV) of model parameters 0=[f, K, Ki, Kr, ¢, p, d, q] are
illustrated and discussed in [18]). The earthquakes of interest occurred within the correspond-
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ing forecasting interval are illustrated as coloured dots (distinguished by magnitude). The two
main events of the sequence with M>5.0 (see also Figure 3) are identified with coloured stars
(these events are shown for reference only and they did not necessarily take place in the illus-
trated map’s corresponding forecasting interval). We also report the forecasted daily probabil-
ities of having earthquakes of magnitude equal to or larger than m=4, 5 and 6 in the whole
aftershock zone (see [18]).

At the right-hand side of each sub-figure, the observed (shown as a red star) vs. forecasted
number of events (shown in an error-bar format) is illustrated for events with A=3.0 for the
entire aftershock zone. The error-bar for the forecasted number of events features: the median
value (the 50" percentile, equivalent of the logarithmic mean in the arithmetic scale) inside a
grey-filled square, the (logarithmic) mean plus/minus one (logarithmic) standard deviation
indicating the interval between 16™ and 84" percentiles (marked with blue horizontal lines),
and the (logarithmic) mean plus/minus two (logarithmic) standard deviations indicating the
interval between 2" and 98" percentiles (marked with black horizontal lines). This is done to
help in locating the observed number of events within plus or minus certain number of stand-
ard deviations from the mean estimate. It can be seen that the observed number of events lies
within plus/minus one standard deviation of the mean estimate.

a _ ‘ b — ‘
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Figure 4: Forecasted vs. observed seismicity distribution in the aftershock zone after the event with Mw 6.0 at
01:36 UTC of 24/08/2016; the maps report the mean + 2 standard deviation confidence interval for the number
of events per [km?] (latitude/longitude cells of a 0.01°x 0.01° grid) equal to or greater than magnitude M;=3 in the
indicated 24-hour forecasting time window. The sub-figures illustrate the observed (plotted in red star) vs. the
error-bar for the forecasted number of events with m>M; corresponding to the forecasting time interval: the me-
dian value (the 50™ percentile, equivalent of the logarithmic mean in the arithmetic scale) inside a grey-filled
square, the (logarithmic) mean plus/minus one (logarithmic) standard deviation indicating the interval between
16™ and 84 percentiles (marked with blue horizontal lines), and the (logarithmic) mean plus/minus two (loga-
rithmic) standard deviations indicating the interval between 2™ and 98" percentiles (marked with black horizon-
tal lines)
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3.3 Daily forecasts of seismicity from October 26 up to October 29

As mentioned before, on 26th of October, a Mw 5.4, followed within a two-hour delay by a
Mw 5.9 earthquake (at 17:10 and 19:18 UTC, respectively), took place in the east of town
Visso (located in the north-western part of the aftershock zone, see Figure 1a). This triggered
a new aftershock sequence within the ongoing one. At this stage, given the time elapsed from
the occurrence of the mainshock (i.e., around two months), it seemed quite tedious to consider
all the events of interest up to the time of origin (i.e., 24" of August) for each forecasting in-
terval. To achieve this (i.e., avoid considering all the events back to 24™ of August), we per-
formed a shift in the time of origin 7o from August 24" to 17:10 UTC of October 26™ (time of
occurrence of the Mw 5.4 earthquake, see Figure 3). After the occurrence of the event with
Mw 5.4 at 17:10 UTC of 26/10/2016, we provide a 6-hour prediction of seismicity for the
forecasting interval starting from 7w set to 18:00 UTC of 26/10/2016 (i.e., 50 minutes after
the occurrence of Mw 5.4 event). At this point, we performed a shift in the time of origin by
setting To to 17:10 UTC of 26" of October (see Figure 4).

Sed |
Main-Shock 1 Main-Shock 2

old T, new T, \_T‘”wing interval

N Tstart Tend
N Sequence of aftershocks
b (Seq) with M > M,

Figure 5: Schematic sketch of the shift in the time of origin 7,

The sequence seq includes all the triggered events with M>3 occurred after 17:10 UTC of
26/10/2016 (including the main Mw 5.4 event). It should be noted that the event Mw 5.4 was
not preceded by any foreshocks (i.e., no M>3 events took place between 06:00 UTC and
17:10 UTC of 26 of October). Given the very low seismic activity prior to the major event
and given the presence of very few events in seq, we did not perform Bayesian updating on
the model parameter 0 and used the statistics issued for 26/10/2016 (see [18]). It is important
to note that the forecasted seismicity for the 24-hour interval elapsed after 06:00 UTC of Oc-
tober 26 is used herein (after proportioning it to a 6-hour forecasting interval) as the back-
ground seismicity Na(x,y,m|Mi). The background seismicity usually considers the long-term
seismicity in the calculations and was assumed to be equal to zero in our previous calculations
for the first part of the sequence staring from 24" of August. Herein, we use this background
seismicity to conservatively approximate the triggering effect of the events occurred in the
first part of the sequence (from August 24™ to October 26™). The background seismicity is
added as a constant term to the contribution of the triggering events (see Section 2). The fore-
casted seismicity map in terms of the mean plus two standard deviation for the number of
events with M>3.0 is shown in Fig. 6a. Observed events with M>3.0 (coloured dots) occurred
within the corresponding 6-hour forecasting interval are also highlighted on the map. The
main two events with Mw 5.4 at 17:10 UTC assigned as the main-shock and the Mw 5.9
event at 19:18 UTC (which lies within the 6-hour forecasting interval) are shown with magen-
ta stars. According to the right-hand side error-bar plot of Fig. 6a, the total number of regis-
tered events within the 6-hour forecasting interval (red star) is significantly higher than the
forecasted values. This can be attributed to very few number of observed input data in seq for
preforming the robust estimation and to the fact that model parameters were not tuned to the
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newly triggered sequence. Although less successful in predicting the number of events, the
model predicts exceedance probabilities P(M>5) and P(M>6) to be very high.

After the occurrence of the event with Mw 5.9 at 19:18 UTC, the seismicity forecast is
provided in Fig. 6b again for the interval starting from 20:00 UTC (42 minutes after the Mw
5.9 event) up to 24:00 UTC of 26/10/2016 (i.e., a 4-hour time interval). The corresponding
seq includes all the events with A>3.0 which occurred (including the main event of Mw 5.4 at
17:10 UTC and Mw 5.9 at 19:18 UTC) after 17:10 UTC up to the starting time (20:00 UTC)
of October 26. The model parameters 6 are updated based on the information provided by the
sequence seq with M; set to 2.5 (see [18]). Note that the cut-off magnitude lower than 3.0 is
assigned only for model updating purposes to gain more data and the seismicity rate is later
calculated with M=3.0. Fig. 6b illustrates the forecasted seismicity map in terms of the mean
plus two standard deviation for the number of events with #/>3.0 within the 4-hour forecast-
ing interval. Note that for the 4-hour time interval, the exceedance probabilities P(M>5) and
P(M>6) increase in Fig. 6b after the occurrence of the event with Mw 5.9 at 19:18 UTC
(compared to Fig. 6a). In addition, the observed number of events within the 4-hour time in-
terval (sub-figure) lies within the plus/minus one standard deviation confidence interval.
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Figure 6: Forecasted vs. observed seismicity distribution in the aftershock zone after the event with Mw 5.4 at
17:10 UTC of 26/10/2016

3.4 Daily forecasts of seismicity from October 30 up to November 1

As mentioned before, on 30th of October, a Mw 6.5 event occurred in the North of Norcia
at 6:40 UTC (located in the north-western part of the aftershock zone, see Figure 3). The first
forecasting is performed for the same day of 30/10/2016 with Tswr set to 12:00UTC and Tena
set to 06:00 UTC of 31/10/2016 (i.e., 18-hour interval). At this stage, we performed a shift in
the time of origin 7, from 17:10 UTC of 26™ of October to 6:40 UTC of 30™ of October. The
background seismicity Np(x,y,m|Mi) is set (and proportioned to an 18-hour interval) to that of
30" of October for a 24-hour interval with starting time set to 6:00 UTC (see [18]). Fig. 7a
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shows the map of forecasted seismicity with the back-drop of events occurred in this interval.
The error-bar plot for the forecasted number of events manages to capture the observed num-
ber of events within one standard deviation confidence interval.

To measure the effect of the shift in the time of origin, the same forecasting presented in
Fig. 7a is performed with time of origin set to 17:40 UTC of 26" of October. Fig, 7b shows
the forecasted map of seismicity and the error-bar for the predicted number of events. The
forecasted number of events are slightly lower than those predicted in the previous step in
Figure 5c (after shifting the time of origin). This is to be expected since the latter forecast em-
ploys a time-invariant background seismicity to consider the events of interest occurred in the
time interval between 17:10 UTC of 26™ of October and 6.40 UTC of 30™ of October. This is
while the former forecast explicitly considers the triggering contribution of these events and
the associated time-decay. Overall, it is reassuring to note that the two forecasts provide es-
sentially the same information.
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Figure 7: Forecasted vs. observed seismicity distribution in the aftershock zone after the event with Mw 6.5 at
6:40 UTC of 30/10/2016

3.5 Discussion on the results

It is observed that after an initial transition time (in the order of few hours, enough to ac-
cumulate enough events for updating the model parameters), the model quickly tunes into the
sequence and provides forecasting that is reliable in most cases up to plus/minus one standard
deviations. As expected, the procedure falls short of predicting the “main-shock” of 24" of
October (17:10 UTC) as it happened when the sequence had decayed. The procedure, howev-
er, did a better job for forecasting the events occurred at 19:18 UTC of 26" of October and on
6.40 UTC of 30™ October. This relative success can be attributed to the fact that these events
took place at the initial stages of the newly triggered sequence of 26" of October when the
seismic activity was still very high. The estimated model parameters present some time-
dependent fluctuations but after a certain number of days elapsed after the main event, they
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seem to stabilize. In general, the first sub-sequence (Mw 6 “mainshock” occurred at 1:36
UTC 24™ of August) seems to be the mildest one in terms of the time decay in seismicity and
is the least active in terms of sequence’s productivity. The second sub-sequence (Mw 5.4
“mainshock” occurred at 17:10 UTC 26™ of October) is intermediate both in terms of the rate
of time-decay and the productivity. The third sub-sequence (Mw 6.5 “mainshock” occurred at
6:40 UTC 30™ of October) has the steepest time-decay of seismicity and is the most active in
terms of the productivity of the sequence.

4 CONCLUSIONS

e A fully simulation-based procedure is proposed for (a) Bayesian model updating of an
epidemiological-type aftershock spatio-temporal clustering model; (b) robust operational
forecasting of the number of events of interest expected to happen in each time frame.

e The robust forecasting considers the uncertainty (i.e., the joint probability distribution) in
the model parameters.

e The model updating and forecasting procedure is carried on without human interference
and use of expert judgement. The model is simply “tuning-in” automatically into the se-
quence of observed events.

e The choice of the recent Central Italy sequence of events as a demonstration of this pro-
cedure proved to be very challenging. This is because the sequence embedded three “sub-
sequences” with different productive and decaying properties. We used the peculiarities
of this sequence to test several different strategies for forecasting.

e To perform early forecast within an ongoing seismic sequence, a shift in the time of
origin of the sequence is proposed by conservatively introducing a constant background
seismicity (calculated by the procedure). This shift proved to be quite useful as it relieved
us from the burden of summing up the triggering properties of all the events that took
place in the previous “sub-sequence” (or the previous part of the sequence as we may
wish to call it) at the small price of neglecting the time-decay in their triggering contribu-
tion.

e The proposed procedure for robust forecasting is conditioned on the available catalogue
of events and the epidemiological model adopted for capturing the spatio-temporal after-
shock clustering.
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