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Real-Time Evolutionary Earthquake Location for Seismic Early Warning

by Claudio Satriano, Anthony Lomax, and Aldo Zollo

Abstract An effective early-warning system must provide probabilistic estimates
of the location and size of a potentially destructive earthquake within a few seconds
after the event is first detected.

In this work we present an evolutionary, real-time location technique based on an
equal differential time (EDT) formulation and a probabilistic approach for describing
the hypocenter estimation. The algorithm, at each time step, relies on the information
from triggered arrivals and not-yet-triggered stations. With just one recorded arrival,
the hypocentral location is constrained by the Voronoi cell around the first triggering
station constructed using the travel times to the not-yet-triggered stations. With two or
more triggered arrivals, the location is constrained by the intersection of the volume
defined by the Voronoi cells for the remaining, not-yet-triggered stations and the EDT
surfaces between all pairs of triggered arrivals. As time passes and more triggers be-
come available, the evolutionary location converges to a standard EDT location.

Synthetic tests performed using the geometry of the Irpinia seismic network,
southern Italy (ISNet), and the simulation of an evolutionary location for the 2000
M, 6.6 Western Tottori, Japan, earthquake indicate that when a dense seismic net-
work is available, reliable location estimates suitable for early-warning applications
can be achieved after 1-3 sec from the first event detection. A further simulation with
an M,, 6.7 southern Greece earthquake shows that at a regional scale, the real-time
location can provide useful constraints on the earthquake position several seconds
before a non-real-time algorithm. Finally, we show that the robustness of the algorithm
in the presence of outliers can be effectively used to associate phase arrivals coming
from events occurring close in time, and we present a preliminary algorithm for event

detection.

Introduction

Destructive S and surface waves from a large earthquake
can take several tens of seconds to travel from the earthquake
source region to distant populated areas and sensitive infra-
structure. If there is a seismological monitoring network in
the source region, modern seismological analysis methods
and communications systems allow characterization of the
event and the issuing of alarm messages within seconds,
leaving tens of seconds for mitigating actions to be taken.
This procedure is known as early warning (Heaton, 1985;
Lee and Espinosa-Aranda, 2003; Kanamori, 2005). For
example, for an earthquake in the Irpinia region of south-
ern Italy, there is a delay of about 25-30 sec before the
first energetic S-wave trains arrive at Naples at about 80—
100-km distance. With an early-warning system, alarm mes-
sages could be sent to critical sites in Naples 20 or more
seconds before the commencement of strong shaking (Zollo
et al., 20006).

The characterization of an earthquake for early warning
includes most importantly estimates of its location and size
(Allen and Kanamori, 2003). Here we are concerned with

obtaining the best possible constraint on the location of
an event hypocenter as time passes after the first triggered
arrival from the event. This constraint is expressed as a prob-
ability density function (pdf) for the hypocenter location in
3D space. This optimal, time-evolving, probabilistic location
information will form a critical part of early-warning mes-
sages, allowing actions to be taken based on the range of
likely source distances and directions as estimated at the time
of each message (Ilervolino et al., 2006).

There are many methodologies for standard earthquake
location performed when most or all the phase arrival times
for an event are available. Our real-time location methodol-
ogy is based on the equal differential time (EDT) formulation
(Font et al., 2004; Lomax, 2005) for standard earthquake lo-
cation. EDT is a generalization of the master-station method
(Zhou, 1994) and the method of hyperbolas cited by Milne
(1886). The EDT location is given by the point traversed by
the maximum number of quasi-hyperbolic surfaces, on each
of which the difference in calculated travel time to a pair of
stations is equal to the difference in observed arrival times for



the two stations. The EDT location determination is indepen-
dent of origin time and reduces to a 3D search over latitude,
longitude, and depth. Furthermore, EDT is highly robust in
the presence of outliers in the data (Lomax, 2005). This ro-
bustness is critical for the present problem, because we will
often work with small numbers of data and may have outlier
data such as false triggers, picks from other events, and mis-
identified picks from energetic secondary phases.

Previous work on earthquake location for early warn-
ing includes several novel approaches to gain constraint on
the location at an earlier time and with fewer observations
than for standard earthquake location. Horiuchi et al. (2005)
combine standard L,-norm event location, EDT location on
quasi-hyperbolic surfaces, and the information from not-
yet-arrived data to constrain the event location beginning
when there are triggered arrivals from two stations. The two
arrivals times define a hyperbolic surface, which contains
the event location. This solution is further constrained by
EDT surfaces constructed using the current time (f,4,) as
a substitute for future unknown arrival times at the stations
that have not-yet-recorded arrivals. The constraint increases
as t,,w progresses, even if no further stations record an ar-
rival. Rydelek and Pujol (2004), applying the approach of
Horiuchi et al. (2005), show that useful constraint on an
event location can be obtained with only two triggered sta-
tions. Cua and Heaton (2007) generalized the approach by
Rydelek and Pujol in order to start the location with one
single-triggering station.

Method and Algorithm

Our location methodology is related to that of Horiuchi
et al. (2005), which we extend and generalize by (1) starting
the location procedure after only one station has triggered,
(2) using the EDT approach throughout to incorporate the
triggered arrivals and the not-yet-triggered stations, (3) esti-
mating the hypocenter probabilistically as a pdf instead of as
a point, and (4) applying a full nonlinearized global search
for each update of the location estimate.

We assume that a seismic network has known sets of
operational and nonoperational stations (Fig. 1a) that, when
an earthquake occurs, triggers (P-wave arrival picks) will be-
come available from some of the operational stations and that
there may be outlier triggers, which are not due to P arrivals
from the earthquake of interest. We consider N operational
stations (S, ..., Sy), a gridded search volume V containing
the network and target earthquake source regions, and the
travel times from each station to each grid point (i, j, k)
in V computed for a given velocity model.

The standard EDT approach (Font et al., 2004) is based
on the relation that, if the hypocenter (i, j, k) is exactly de-
termined, the difference between calculated travel times #7,
and tt,, from the hypocenter to two stations S, and S, is
equal to the difference between the observed arrival times
t, and t,, at the two stations, because the observed arrival
times share the common earthquake origin time

C. Satriano, A. Lomax, and A. Zollo

(”m - ttn)i,j,k = tm - tn; m 5& n. (1)
For a constant velocity model, this equation defines a 3D hy-
perbolic surface whose symmetry axis goes through the two
stations. Given N triggering stations, N(N — 1)/2 surfaces
can be drawn, and the hypocenter will be located in the small
region crossed by the maximum number of EDT surfaces.

Following an evolutionary approach, we evaluate at
each time step the EDT equations considering not only each
pair of triggered stations, but also those pairs where only one
station has triggered.

Therefore, when the first station S,, triggers with an ar-
rival at ,,,,, = 1, (f40w 1S the current clock time), we can al-
ready place some limit on the hypocenter position (Fig. 1b).
These limits are given by EDT surfaces defined by the con-
dition that each operational but not-yet-triggered station S,
will trigger at a time 7, in the next time instant or later
(i.e., f; > t,). From equation (1),

(tt; = tty); ke 2 0; [ # n. 2)
The equality in equation (2) defines a conditional EDT sur-
face, the locus of points where the P travel time to the first
triggering station ¢z, is equal to the travel time to each of the
not-yet-triggered stations, t7;, [ # n. The inequality in equa-
tion (2) identifies a region of the search volume that must
contain the hypocenter. For a homogeneous medium with
constant P-wave speed, the volume bounded by the condi-
tional EDT surfaces for all the stations at t,,,, = t, defines
the Voronoi cell (Weisstein, 1999) associated to the sta-
tion S,,.

As the current time t,,, progresses, we gain the ad-
ditional information that the not-yet-triggered stations S,
can only trigger with #; > 1,,,. Thus, the hypocentral vol-
ume is bounded by conditional EDT surfaces that satisfy
the inequality

(”l - ttn)i,j.k 2 Thow = In- (3)

The system (3) defines the volume, bounded by the condi-
tional EDT surfaces, in which the hypocenter may be located
given that, at current time 7,,,, only the station S, has trig-
gered. If 1, = 1,,, the system (3) reduces to the system (2);
for t,,w > t,, the hypocentral volume will be smaller than the
previous one, because the updated, conditional EDT surfaces
tend to fold towards and around the first triggered station
(Fig. 1c).

We interpret the hypocentral volume in a probabilis-
tic way by defining, for each inequality in (3), a value
pni(i, j, k), which is 1 if the inequality is satisfied and O
if not. Then we sum the p, (i, j, k) over stations / at each
grid point, obtaining a nonnormalized probability density
P(i, j, k), where P(i,j, k) = N —1 for grid points where
all the inequalities are satisfied and a value less than
N — 1 elsewhere.
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Figure 1. Schematic illustration of the evolutionary earthquake location algorithm. For clarity, only a map view with the epicentral
location is represented. (a) Given a seismic network with known sets of operational and nonoperational stations, the Voronoi cell associated
to each station is known a priori. (b) When the first station triggers, we can define a volume that is likely to contain the location; this volume
is limited by conditional EDT surfaces on which the P travel time to the first triggering station is equal to the travel time to each of the
operational but not-yet-triggered stations. (c) As time progresses, we gain additional information from the stations that have not yet triggered,
the EDT surfaces move towards and bend around the first triggering station, and the likely location volume decreases in size. (d) When the
second station triggers, it is possible to define a true EDT surface; the hypocenter is on the intersection between this surface and the volume
defined by the conditional EDT surfaces, which continue decreasing in size. (¢) When a third station triggers, two more true EDT surfaces can
be drawn, further increasing the constraint on hypocenter position. (f) As more stations trigger, the location converges to the standard EDT

location composed entirely of true EDT surfaces.




When the second and later stations trigger, we first re-
evaluate the system (3) for all possible pairs consisting of a
triggered station S,, and a not-yet-triggered station S;. Sec-
ond, we construct standard, true EDT surfaces (equation 1)
between each pair S, S,, of the triggered stations, by eval-
uating for each grid point the quantity

[(ttn - ttm)i.j,k - (tn - tm)]z}.

) = 3
Gnm(i, j, k) eXp{ 27

The expression between square brackets in the exponent is
the standard EDT equation (1) whose solutions are quasi-
hyperbolic surfaces; in practice, all true EDT surfaces are
given a finite width by including the uncertainty o in the ar-
rival time picking and the travel-time calculation.

The quantity g, ,,(i, j, k) has values between 0 and 1.
We sum the g, ,(i, j, k) with the p, (i, j, k) obtained from
the reevaluation of (3) to obtain a new P(i, j, k). The maxi-
mum value of P is

Prax = (N —np)ngp + np(np — 1)/2, %)

where ny is the number of stations that have triggered. The
first term in (5) counts the number of inequalities from (3)
and the second term, the number from (4).

Starting from P, we define a value

Q)

06, j. k) = (P(”k))N

Pmax

which forms a relative pdf (with values between 0 and 1) for
the hypocenter location within the grid cell (i, j, k). The
function Q(i, j, k) may be arbitrarily irregular and may have
multiple maxima.

At predetermined time intervals, we evaluate equa-
tions (3) and (4) to obtain Q(i, j, k) in the search volume,
using the Oct-tree importance sampling algorithm (Lomax
and Curtis, 2001; Lomax, 2005; www.alomax.net/nlloc/
octtree, last accessed Month Year). This algorithm uses re-
cursive subdivision and sampling of rectangular cells in 3D
space to generate a cascade structure of sampled cells, such
that the spatial density of sampled cells follows the target
function values (i.e., equation 6). The Oct-tree search is
much faster than a simple or nested grid search (factor
10-100 faster) and more global and complete than stochastic
search methods algorithms such as simulated annealing and
genetic algorithms (Lomax and Curtis, 2001). For each grid
point, an origin time estimate can be obtained from the ob-
served arrival times and the calculated travel times.

As more stations trigger, the number of not-yet-triggered
stations becomes small, and the location converges towards
the hypocentral volume that is obtained with standard EDT
location using the full set of data from all operational stations

(Fig. 1d-1).

C. Satriano, A. Lomax, and A. Zollo

If there are uncorrelated outlier data (i.e., triggers that
are not compatible with P arrivals from a hypocenter within
or near the network), then the final hypocentral volume will
usually give an unbiased estimate of the hypocentral loca-
tion, as with standard EDT location. However, if one or more
of the first arrival times is an outlier, then the earliest esti-
mates of the hypocentral volume may be biased. If N is
the number of outlier data, the bias should be small after
about 4 + N, arrivals have been obtained and should de-
crease further with further arrivals as the solution converges
towards a standard EDT location.

At each time interval, an alarm message can be sent with
information on the current constraint on the hypocentral lo-
cation. This information may include, for example, the grid
point where Q(i, j, k) is maximal (the maximum-likelihood
hypocenter), an uncertainty on the location given by the lar-
gest horizontal and vertical distances between cells where
Q(i, j, k) > aQ and « is a constant < 1, or a more complete
representation of the pdf derived from Q(i, j, , k). For mes-
sage recipients at specific localities, the hypocentral location,
uncertainty, pdf, or other information in the alarm message
can be provided as functions of epicentral distance and azi-
muth to the locality.

Synthetic Earthquake-Location Tests

In order to evaluate the accuracy and the robustness of
the location technique, we conducted several synthetic tests
using the geometry of the ISNet, a high-density, high-
dynamic seismic network deployed in the region of the
1980 M,, 6.9 Irpinia earthquake (Weber et al., 2007). For
each simulated event, we computed synthetic arrival picks
using travel times obtained by the finite difference solution
of the eikonal equation (Podvin and Lecomte, 1991) for a 1D,
P-wave velocity model (Table 1). To reproduce uncertainties
introduced by the picking algorithm, we add to each arrival
time a random error following a Gaussian distribution with a
variance of 0.02 sec.

Here we use P picks only because currently most net-
works have poor capability to perform real-time S picking.
Most S detection algorithms depend on the identification of a
P arrival that can be associated with a possible S pick, and
many S pickers use polarization information, which requires
three-component analysis and introduces processing delays
and inefficiencies (e.g., Magotra et al., 1987; Cichowicz,

Table 1
P-Wave Velocity Model for the Irpinia Region
Depth (km) V, (km/sec)
0.0 2.0
1.0 3.2
2.5 4.5
15.0 6.2
35.0 7.4
40.0 8.0
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1993; Withers er al., 1998). We do not yet know if reliable S
picks will be available for real-time location for ISNet and
for similar scale networks. We also note that S picking may
be difficult to impossible for larger events with long duration,
emerging arrivals, and otherwise complicated waveforms,
and that some P picks may be misidentified S arrivals, par-
ticularly for smaller events.
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Event Inside the Network

Our first test considers an earthquake occurring at the
center of the network at a depth of 10 km (Fig. 2). Each panel
in Figure 2 is a snapshot at a given time showing three maps
for the marginal probability (i.e., summed over x, y, or z) for
0(i, j, k) along the horizontal and the two vertical planes.
For instance, the horizontal map represents the quantity
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Figure 2. Location test for a synthetic event occurring at the center of the Irpinia Seismic Network (ISNet), southern Italy. The three
orthogonal views show marginal values of the relative location pdf Q(i, j, k) (equation 6). The true hypocenter is identified by a star. The time
from the first trigger is indicated as 67, while At is the time from event origin. For each snapshot, stations that have triggered are marked with

a circle.
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where A, is the grid spacing along the vertical direction (k)
and « is a normalization constant, so that Q; ;(i, j) ranges
between 0 and 1.

The star on each map shows the known synthetic hypo-
central location.

The initial snapshot is taken when the first station,
VDS3, triggers (6t = 0) 3.03 sec (Ar) after the event origin
time: the constraint on the earthquake location is given only
by the probability density Q(i, j, k) defined from the evalua-
tion of equation (3) for station VDS3 against all the other
not-yet-triggered stations; the epicenter is constrained within
about 10 km, but depth is unconstrained. A second station
(CSG3) triggers 0.20 sec later: the location pdf is now con-
strained by the volume defined by equation (3) and the EDT
surface defined by equation (4). One second after the first
trigger (6r = 1 sec, Ar = 4.03 sec), with three triggered
stations, the pdf has tightened considerably, providing an es-
timation of the epicentral position within a few kilometers
and greatly reducing the uncertainty on depth. Two seconds
after the first trigger (5.03 sec from the event origin), nine
stations have triggered, and the location is well constrained.

In both the examples we used an initial subdivision of
the search grid, whose size is 100 x 100 x 40 km, in 10 x
10 x 4 cells. We then allow the Oct-tree algorithm to further
subdivide the cells with highest probability value, setting the
minimum allowed cell size to 0.5 km and the maximum al-
lowed number of cells to 10,000.

The computation time increases linearly with the total
number of cells evaluated, which, in turn, depends mainly
on the size of the initial search grid. The optimal size of
the initial search grid increases for increasing size of the
search region; the minimum allowed cell size should be
much less than the lesser of the average station spacing or
the typical distance to the target warning site.

Our current implementation of the algorithm takes about
0.5 sec for the computation of each snapshot. It is therefore
possible to perform a real-time location with a time step of
1 sec. This is appropriate for the ISNet where packetized data
is received with a time frame of 1 sec (Weber et al., 2007).

Event Outside the Network

Figure 3 shows a location test for an earthquake occur-
ring outside the network at a depth of 10 km.

At 6t = 0, the location pdf volume is bounded only to-
wards the network. The trigger from a second station at 61 =
0.80 sec greatly improves the bounds on the location pdf,
though the pdf remains elongated toward the triggered sta-
tions. Two seconds after the first trigger, with four triggered
stations, the size and elongation of the pdf are reduced, and
the constrain on depth improves. At Ar = 8.40 sec, 3 sec
after the first event detection, and with eight triggered sta-
tions, a good epicentral location is achieved. The event depth
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is constrained only by a lower bound, but the depth range
includes the true value.

Missed Triggers

To test how the algorithm performs when an operating
station does not detect the event, we examined the case where
the first or the second station does not trigger. This is the
most problematic circumstance, because the very first sta-
tions have a large influence on the initial location.

Starting from the synthetic location for the event inside
the network (Fig. 2), we simulated the possibility that the
first (VDS3) or the second (CSG3) station did not recognize
the arrival. The results are shown in Figure 4. On the left side,
the case in which the first station (VDS3) does not trigger is
analyzed. For simplicity, only map views of the location pdf
are plotted. The initial (6r = 0.20 sec) maximum location
probability is assigned to the Voronoi cell associated to sta-
tion CSG3, while the actual epicenter is at the boundary of
this cell. However, because the second triggering station
(COL3, at 6t = 1.00 sec) is on the opposite side, respect
to the epicenter, the location bias is quickly removed. A third
triggering station (CLT3, at 6t = 1.20 sec), on the same side
of CSG3 reintroduces a small bias, which is definitively re-
moved when the fourth and the fifth stations trigger (SFL3
and SCL3, at 6t = 1.40 sec, not shown in the figure).

If the first station triggers correctly, but the second does
not (Fig. 4b), then, after 1 sec, the maximum location pdf
is shifted between the two triggered stations (VDS3 and
COL3), southwest from the actual epicenter. As soon as a
station on the northern side (CLT3, at 6t = 1.20 sec) trig-
gers, the location estimate improves. Again, the bias is com-
pletely removed when the fourth and the fifth stations trigger.

Simulated Real-Time Locations for Real Earthquakes

We performed two real-time location simulations with
actual recordings, using data collected at a dense seismic net-
work (Tottori, 2000), with a station-event geometry compar-
able to the ISNet, and at a coarser network (southern Greece,
2006), where the mean station spacing is an order of mag-
nitude greater than the ISNet.

Real-Time Location in a Dense Seismic Network:
The 2000 Western Tottori Earthquake (M, 6.6)

The western Tottori earthquake (M, 6.6) occurred in
southwestern Japan on 6 October 2000 (Fukuyama et al.,
2003); it was recorded by several permanent seismic net-
works, including the strong-motion networks K-Net (www
k-net.bosai.go.jp/, last accessed Month Year) and KiK-Net
(www.kik.bosai.go.jp/, last accessed Month Year). We se-
lected 25 stations from these two networks located within
50 km from the epicenter to reproduce a station distribution
similar to that of ISNet.

First P arrivals have been determined using an automatic
picker based on the evaluation of an STA/LTA ratio (Allen, [}
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Figure 3. Location test for a synthetic event occurring outside the network (see Fig. 2 for explanation).

1982) without any a posteriori review of the picked phases.
We used for the location the same velocity model proposed
by Fukuyama et al. (2003). No § picks have been used.
Figure 5 shows pdf maps for the first 3 sec of the evolu-
tionary location process. The reference hypocentral location
and origin time is from Fukuyama ef al. (2003). The refer-
ence location is almost equidistant from stations SMNHOI,
TTRHO2, and TTROO7; it therefore lies near the border of the
Voronoi cell of the first triggering station (SMNHO1), which

forms the location pdf at 67 = 0. One second after this first
trigger (6t = 1.00 sec; Ar = 2.96 sec), both TTRHO02 and
TTROO07 have triggered and the location pdf is now centered
around the reference epicenter. After one more second, an
outlier pick appears (HRS021; time error ~4.5 sec before
the first arrival), but the pdf continues collapsing around
the reference epicenter, and the event depth is bounded above
and below. The last snapshot shows the location 3 sec after
the first pick (Ar = 4.96 sec) with nine triggered stations
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Figure 4. Synthetic location test with nontriggering stations. In column (a), the first station (VDS3) is operational, but does not trigger; in

column (b), the second station (CSG3) does not detect the event. Nontriggering stations are reported lowercase; other elements as in Figure 2.
For simplicity, only map views are plotted.
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Figure 5.  Simulated real-time evolutionary location for the 2000 western Tottori earthquake (M,, 6.6). The star is the location obtained by
Fukuyama et al. (2003); other elements as in Figure 2.

and a false trigger. The location is now well constrained in NonLinLoc (NLL; Lomax et al., 2000; Lomax, 2005. NLL is
epicenter and in depth. an implementation of the probabilistic formulation for earth-
quake location proposed by Tarantola and Vallette (1982).

In common with our real-time methodology, NLL in-
cludes the EDT formulation and the Oct-tree grid search
algorithm.

We compared the performance of our real-time loca- A good understanding about the differences between
tion technique with respect to a non-real-time algorithm, real-time and non-real-time location can be achieved consid-

Real-Time Location with a Regional Network:
Southern Greece
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ering a regional-scale seismic network, where several sec-
onds are needed before the ground shaking reaches three
to four stations.

For this purpose, we consider an M, 6.7 earthquake,
which occurred on 8 January 2006, 195 km southwest from
Athens, Greece, recorded at a seismic network with a mean
station spacing of about 100 km. P picks at seven stations
across southern Greece have been obtained from the NEIC
catalogue (http://earthquake.usgs.gov/regional/neic/, last ac-
cessed Month Year) and an appropriate regional velocity
model.

Figure 6 shows four location snapshots, sampled every
six seconds, starting from the first trigger. In each panel, the
relative real-time location probability is plotted using a color

(a) X(km)

-300 -200 -100 0 100 200

C. Satriano, A. Lomax, and A. Zollo

scale; the location pdf obtained using the non-real-time NLL
algorithm is reported as contouring lines. Each snapshot is
labeled with the time 6t from the first trigger, the time At
from the event origin, and the time 3, remaining for the
arrival of the direct S wave at the city of Athens, which
can be considered as the lead time available for an early-
warning action (Heaton, 1985).

The first snapshot (Fig. 6a) shows the relative location
probability obtained as soon as the first station (VLI) triggers
at 15, = —40 sec; this solution corresponds to the Voronoi
cell associated to that station. The result is only mildly in-
formative, but does show that the epicenter is likely to be
south of Athens. With two triggering stations (VLI and
VAM, Fig 6b), at tith = —34 sec, the solution provides
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Figure 6.  Simulated real-time evolutionary location for an M,, 6.7 earthquake occurred on 8 January 2006, in southern Greece. The star

is the location reported in the NEIC catalogue (http://earthquake.usgs.gov/regional/neic/, last accessed Month Year), and 75, is the time
remaining for S-wave arrival at the city of Athens, which can be considered as the estimated lead time for an early warning at the city.
The dashed line shows the trench axis of the Hellenic subduction zone, which plunges to the northeast. Other elements as in Figure 2. In
panels (b), (c), and (d), the location obtained by the NLL algorithm (Lomax et al., 2000) is also reported as contouring lines.
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more useful information: the earthquake is constrained to be
on the Hellenic subduction zone to the south of Greece. Be-
ginning with two stations, location with NLL is possible.
However, the NLL solution with two stations does not pro-
vide useful constraint on the epicentral area, because the lo-
cation pdf is highly elongated in the southwest—northeast
direction, corresponding to a single EDT surface associated
to stations VLI and VAM.

With three stations available, at tf_;th = —28 sec, the
real-time location is well constrained around the true epicen-
ter. The NLL solution, however, still retains an elongated
shape and provides little useful constraint on the earthquake
position. At 73, = —22 sec, seven stations have recorded
the first arrival, including two stations to the northeast (APE
and SANT) that provide important constraint along the
southwest—northeast direction. At this time, the real-time
and NLL locations are similar, and both provide useful con-
straint on the event epicenter. Thus the real-time location pro-
cedure could provide useful early-warning information for
target sites in Athens at between tith = —34 to —28 sec,
while a robust nonlinear but non-real-time algorithm, NLL,
could only provide useful information about 6—12 sec later,
ataround 73, = —22 sec, out of a total S-wave travel time to
Athens of about 55 sec.

Multiple-Event Rupture

Recently, in Italy, there have been large earthquakes
characterized by multiple-event ruptures and intense seismic
activity related to foreshocks and aftershocks (i.e., Friuli,
1976, Briole et al., 1986; Irpinia, 1980, Bernard and Zollo,
1989; Umbria-Marche, 1997, Amato, 1998). The major in-
strumental event in the Irpinia region, the M, 6.91980 earth-
quake, had multiple subevents with three main shocks
occurring within about 20 sec of each other. It is therefore
important for real-time location algorithms to be able to dis-
criminate between picks coming from different events occur-
ring with a very short delay each after the other (multiple
events).

Given a list of P-wave arrival times, a set of stations, and
a velocity model, the location method must identify the smal-
lest set of hypocenters that could have produced the current
list of arrival times. To investigate this scenario, we present a
preliminary algorithm for iteratively associating arrivals with
events. This algorithm is related to the one present in Earth-
worm Binder (Dietz, 2002), with the main differences being
that we perform phase association and precise event location
concurrently, using a unique location algorithm. When a new
arrival-time pick is available from the station §;, the pick is
temporarily associated to each active event, and the event’s
relative location probability is recomputed. The reliability of
the new location is checked by computing travel-time resid-
uals at station §; for the maximum-likelihood hypocenter
(f , j k). Following the EDT approach, we evaluate the root
mean square (rms) of differential times:

2
>

m i,
(7

where t; and rt,, are the expected travel time from the es-
timated hypocenter to station S; and S,,, respectively, and ¢;
and 7,, are the observed arrival times. The index m denotes
stations that have already triggered. If rms; is lower than a
certain threshold (rms,,,, ), the pick is associated to the event,
and the new location is saved. If this condition is not fulfilled
for any existing event, a new event is declared.

The value for rms,,, is related to the minimum intere-
vent distance we can resolve. For example, considering the
ISNet geometry, we expect for two events 20 km apart and
for a station at the edge of the network (about 40 km away) a
difference in travel time of about 1 sec (using a mean V, of
4 km/sec). This difference becomes higher for stations clo-
ser to the event pair.

Table 2 shows the result of a synthetic test performed
using the ISNet geometry (see Fig. 2 for reference) for
two events occurring at (x,y,z) = (0,0, 10) and (x,y,z) =
(10,10, 10), 3 sec apart. Following the rule, we chose
rms,x = 1.0 sec. Arrivals from the two events are correctly
detected with the exception of one single case (67 = 2.40,
RDM3). We note that, once the arrival time has been asso-
ciated to a certain event, the location procedure is exactly the
same as in the single-event case. Therefore, the resulting lo-
cations are similar to what has been shown in Figures 2
and 3.

| XM
rms; = M;[(”i - ”m);,;,lg - (t; — tm)]

Discussion

We have presented a probabilistic real-time evolution-
ary location technique based on the EDT formulation, which
solves directly for the hypocenter spatial coordinates, inde-
pendent of origin time, and which is highly robust in pre-
sence of outlier data. At each time step, this algorithm makes
use of both information from triggered arrivals and not-yet-
triggered stations. Constraint on the hypocenter location is
obtained as soon as the first station has triggered and is up-
dated at fixed time intervals or when a new station triggers.

The hypocenter location is estimated as a pdf defined
within a predefined search volume. This probabilistic de-
scription of the location results is easy to incorporate into
a decision system for seismic early warning. Such a system
uses a decision rule based on the probability that a ground-
motion intensity value (im), such as peak ground accelera-
tion or velocity, will exceed a given threshold at a site at
which the strong shaking has not yet arrived. The pdf for
im is calculated from the hazard integral, conditioned to
the current estimates of magnitude and epicentral distance
(Iervolino et al., 2006):

Sfim(im) :L/I;fIM|M,R(im|ma r)fu(m)fr(r)dmdr,
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Table 2
Author to Provide Short Title

ot (sec) Station Name True Event Detected Event rms evl rms ev2
0.00 VDS3 1 1 n/a n/a
0.20 CSG3 1 1 0.028 n/a
1.00 COL3 1 1 0.333 n/a
1.20 CLT3 1 1 0.256 n/a
1.40 SCL3 1 1 0.473 n/a
1.40 SFL3 1 1 0.375 n/a
1.80 BEL3 1 1 0.414 n/a
1.80 RDM3 1 1 0.240 n/a
1.80 TEO3 1 1 0.282 n/a
2.40 RDM3 2 1 0.600 n/a
2.60 AND3 1 1 0.301 n/a
2.60 SNR3 1 1 0.300 n/a
3.20 LIO3 1 1 0.320 n/a
3.60 BSC3 1 1 0.391 n/a
3.60 VDP3 1 1 0.248 n/a
3.60 CLT3 2 2 2.228 n/a
3.60 CSG3 2 2 3.305  0.121
3.80 SFL3 2 2 2218  0.467
4.00 AVG3 1 1 0.397  0.467
4.00 NSC3 1 1 0.285  0.467
4.40 PST3 1 1 0.267  0.467
4.40 RSF3 1 1 0.260  0.467
4.60 CGG3 1 1 0.281 0.467
4.60 PCR3 1 1 0.239  0.467
5.00 CMP3 1 1 0.272  0.467
5.00 BEL3 2 2 3.230  0.264
5.20 SRN3 1 1 0.286  0.264
5.40 VDS3 2 2 5.231 0477
5.60 AND3 2 2 2.787  0.222
5.80 RSA3 1 1 0279  0.222
5.80 STN3 1 1 0.233  0.222
5.80 BSC3 2 2 1.850  0.265
5.80 SCL3 2 2 4518 0.183
6.00 MNT3 1 1 0.250  0.183
6.00 AVG3 2 2 2.024  0.236
6.40 SSB3 1 1 0.233  0.236
6.60 TEO3 2 2 4958  0.235
6.80 COL3 2 2 5464  0.539
7.00 PGN3 1 1 0.216  0.539
7.20 RSA3 2 2 1435  0.298
7.60 LPI3 1 1 0.307  0.298
7.60 PCR3 2 2 3.154  0.243
7.80 LIO3 2 2 4.279  0.216
7.80 VDP3 2 2 4435  0.228
8.20 RSF3 2 2 3.732  0.256
8.40 NSC3 2 2 4504 0412
8.40 SNR3 2 2 5.886  0.263
8.80 SSB3 2 2 2.384  0.240
9.20 CGG3 2 2 4.738  0.269

10.00 PGN3 2 2 3.184  0.256

10.00 STN3 2 2 4.258  0.198

Synthetic phase association test for two events 14 km apart
horizontally (both at 10-km depth) and 3 sec apart in time. An rms
threshold of 1.0 sec was used. 6t is the time from the first event
detection. The first 10 sec of location are shown; picks associated to
the second event are highlighted in bold. There is only one
misinterpreted pick at 6r = 2.40 sec for station RDM3.

C. Satriano, A. Lomax, and A. Zollo

where fyu g is the attenuation law for a given strong-
motion parameter, f, is the pdf for the magnitude (estimated
in real time), and f is the pdf for the epicentral distance,
which can be obtained by simple numerical integration of
the pdf output by our location technique.

Tests performed on both synthetic and real data show
that when a dense seismic network (i.e., with a mean station
spacing of about 10 km) is deployed around the fault zone,
a location accuracy, sufficient for early-warning needs, is
achieved within 1-3 sec after the first arrival detection. A fur-
ther test on an earthquake recorded at a larger regional-scale
network (southern Greece, mean station spacing ~100 km)
demonstrates that the real-time technique can provide useful
constraints on the final location 10-12 sec before a non-real-
time algorithm, thus ensuring a larger lead time for early-
warning actions.

A synthetic test on two quasi-simultaneous events indi-
cates that the capability of detecting outlier data can be ef-
fectively used to identify picks coming from different events.
Thus, phase association and accurate event location can be
performed at the same time with a fast and reliable procedure
that is particularly suited for early-warning applications.

Our real-time location technique is based on several key
features used by non-real-time nonlinear procedures, includ-
ing the EDT formulation, probabilistic solution, and an effi-
cient global grid search. These features are incorporated and
extended into a real-time algorithm, which includes the ad-
ditional information provided by not-yet-triggered stations.
It is thus to be expected, and we have demonstrated with sev-
eral tests, that the real-time location algorithm inherently
provides a solution that is always the same or better (e.g.,
faster to converge) than standard nonlinear procedures, and
the real-time technique has additional advantages with re-
spect to linearized methods (better definition of uncertainties,
more robust with outliers, easily applied with 3D models;
e.g., Lomax et al., 2000; Husen et al., 2003; Lomax, 2005).
These characteristics suggest that the real-time location pro-
cedure will always provide optimal information for early
warning, even if the typical gain in warning time over other
procedures is expected to be small, and thus, except for cer-
tain cases where computational efficiency is paramount, the
real-time procedure forms a practical and useful tool for early
warning.
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uppercase “RMS” originally present in your manuscript. Please ensure no errors were introduced.

Should this say 2.40 “sec”?

9. Should “im” be uppercase or lowercase? You have it as lowercase here in text, but in the equation below, you have it
styled as IM. Or do these two variables represent different things? If they are the same, we should be consistent, but if
they represent different quantities, please check the text and equations carefully to ensure we are using the right
combination of “im” and “IM.”
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18. SSA journal style prefers a short table title. All detailed information was moved into a footnote. Please provide a short
descriptive title and confirm whether the move of information into a footnote is acceptable. Also, in the last two
columns of Table 1, because we have space, please spell out “evl” and “ev2.”

19. Is this one event the one that was placed in italics? If so, please add that description to this footnote and we will put the
italics back onto that event. Italics were removed because they are not generally allowed for emphasis, but if they are
describing this misinterpreted pick and we add the description to the footnote, we can use italics.
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