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Introduction

• A regional early warning system is based on the ability of a seismic 
network to provide estimates of the location and size of a potentially 
destructive earthquake within a few seconds after the event is first 
detected.

• This information is then used to characterize the earthquake, and to 
estimate its severity for the selected target in order to take mitigating 
actions. 
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ElarmS

• Earthquakes are located using the arrival times of 
P-waves.

• When the first station triggers an event is located 
at that station with a depth typical of events in 
the region.

• The earthquake is then located between the first 
two, and then the first three stations to trigger.

• Once four stations have triggered a grid search 
method is used to locate the event, minimizing 
the misfit between predicted and observed arrival 
times.

from Allen, 2005 (www.elarms.org)

http://www.elarms.org
http://www.elarms.org
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Real-time location at NIED, Japan
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Figure 2. Schematic map showing the method of
the grid search in the hypocenter location. A three-
dimensional grid with 3 ! 3 ! 3 " 27 points (a
two-dimensional grid is shown for simplicity) is po-
sitioned such that the center of the grid coincides with
the initial hypocenter (located beneath the station with
the first P-arrival). Least-squares residuals are calcu-
lated at all points. If the central point has a minimum
value, then grid spacing is decreased to one-third of
the original length. If the central point is not a mini-
mum, the grid is shifted so that the center of the new
grids coincides with the location of the grid having
the previous minimum value. This procedure is re-
peated until the grid length becomes less than 1 km.

third of the original length, and equation (6) is recalculated
until a new minimum is similarly obtained for the smaller
grid. This procedure is iterated until the final grid length
becomes less than 1 km. We have conducted numerical tests
using arrival time data for about 100 actual and 10,000 syn-
thetic events located in the study area, with event spacing of
about 10 km, and found that convergent solutions were ob-
tained for all out test cases.

Automatic P-wave Picking and Elimination of
Erroneous Readings

When a large earthquake occurs, the P-wave arrival
times at triggered stations are measured automatically using
the technique of Horiuchi et al. (1999), which makes use of
Akaike’s Information Criterion (Akaike, 1973). Since Tnow

is defined only at stations without a P-wave arrival, it is
necessary to quantify the detection level of a station. We do
this by calculating an S/N ratio from short-term (one second)
to long-term (10 seconds) averages of absolute values of the
vertical component of the velocity seismogram; then, we
make the assumption that stations with S/N ratios less than
a certain threshold level have no P-wave arrival. We search
for both P- and S-wave arrivals not only in triggered stations
but also in stations with S/N ratio larger than the threshold
level, which was determined empirically to be 2.5. In the
cases of a possible S-wave trigger, a relatively long time

window of about 40 sec before the trigger times is used in
order to correctly identify a P-wave arrival even for stations
having small amplitude arrivals.

There are times when the automatic system will erro-
neously determine P- or S-wave arrivals for other events in
the case when more than two events occur simultaneously,
or when artifacts are caused by electrical or other distur-
bances. Since we obtain waveform data in real-time from
about 750 stations, there is a good chance of erroneous data
entering into our calculations. Because we try to locate hy-
pocenters as quickly as possible by using only two or three
P-wave arrival times, the inclusion of erroneous picks will
produce very large estimation errors. We used the method
of Hasegawa et al. (1986), which compares the interstation
timing of arrivals against model predictions, to eliminate er-
roneous readings of arrival times. Their method, however,
is ineffective when the number of P-wave readings is small.
It is essential for any real-time alarm system to develop re-
liable algorithms for the identification and removal of erro-
neous and/or false arrivals.

There is a large difference, in general, between the lo-
cation of actual and computed hypocenters in cases where
erroneous readings are included. Consequently, the com-
puted hypocenter may be located somewhere outside the re-
gion shown by the gray curve in Figure 1. In this case, the
inequality equation (equation 1) is not satisfied for stations
near the computed false hypocenter; therefore, residuals for
Tnow at these stations become large and provide information
about the possible inclusion of erroneous readings. When
residuals for Tnow are large, we search for erroneous readings
by repeatedly calculating hypocenters after removing arrival
time readings one by one, then compare residuals among
solutions of different data sets. The use of Tnow has proven
effective not only in quickly locating the hypocenter, but
also is helpful for identifying and removing erroneous
readings.

Real-Time Earthquake Information System (REIS)

We developed a real-time earthquake information sys-
tem (REIS) by using waveform data from two seismic net-
works, Hi-net and Kanto-Tokai (Fig. 3), operated by the Na-
tional Research Institute for Earth Science and Disaster
Prevention (NIED). Both networks use three-component ve-
locity seismometers in boreholes deeper than 100 m, and
send waveform data to the NIED center via telephone telem-
etry. Hi-net is a highly sensitive and dense seismic network
that was established after the 1995 Kobe earthquake in the
Japan Islands (except the Kanto-Tokai area), with an inter-
station spacing of 20–25 km. The data is recorded at 100
Hz, with a 24-bit A/D converter at each station. The total
number of stations is approximately 640.

The Kanto-Tokai net of about 120 stations was set up
in the Kanto-Tokai District in the early 1980s. These stations
use 12-bit A/D converters and send 8-bit compressed data.
NIED also operates another network called KiK-net, which

from Horiuchi et al., 2005 

Tnow − Ti(x, t) < 0
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Our methodology is related to that of Horiuchi et al. [2005], which we 
extend and generalize by:

Real-Time Earthquake Location (RTLoc)
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Our methodology is related to that of Horiuchi et al. [2005], which we 
extend and generalize by:

a. starting the location procedure after only one station has triggered

b. using the Equal Differential Time (EDT) approach throughout to 
incorporate the triggered arrivals and the not-yet-triggered stations

c. estimating the hypocenter probabilistically as a pdf instead of as a point

d. applying a full, non-linearized, global-search for each update of the location 
estimate.

Real-Time Earthquake Location (RTLoc)



C. Satriano - 2007/07/11

Equal Differential Time (EDT) approach

If the hypocenter is 
exactly determined, the 

difference between 
calculated travel times 

tt0 and tt1 from the 
hypocenter to two 

stations S0 and S1 is 
equal to the difference 
between the observed 

arrival times t0 and t1 at 
the two stations, since 

the observed arrival 
times share the 

common earthquake 
origin time: 

tt1 − tt0 = t1 − t0

from Font et al., 2004 
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Evolutionary Earthquake Location - 1/7

stations

Voronoi cell
boundaries
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Evolutionary Earthquake Location - 2/7

A

B

ttB − ttA = 0
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Evolutionary Earthquake Location - 3/7

First station detects arrival
constraint is Voronoi cells

volume defined
by stations

without arrivals

A

B

“conditional”
EDT surface

ttB − ttA ≥ 0

wavefront

hypocenter
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Evolutionary Earthquake Location - 4/7

Wavefront expands
EDT surfaces deform, constraint improves

“conditional”
EDT surface

A

B

ttB − ttA ≥ tnow − tA
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Evolutionary Earthquake Location - 5/7

Second station detects arrival
constraint includes EDT surface

“true”
EDT surface

A

B

ttB − ttA = tB − tA
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Evolutionary Earthquake Location - 6/7

Third station detects arrival
constraint is mainly EDT surfaces
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Evolutionary Earthquake Location - 7/7

Fourth station detects arrival
location is well constrained
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We consider N operational stations (S0, …, SN), a gridded search volume V containing the 
network and target earthquake source regions, and pre-computed travel times from each 
station to each grid point (i,j,k) in V computed for a given velocity model.

When the first station Sn triggers, we compute for each grid point the quantity:

RTLoc: Algorithm (1/2)

(pn)i,j,k =
{

1 if (ttSk − ttSn)i,j,k ≥ δtn,k

0 if (ttSk − ttSn)i,j,k < δtn,k
; k #= n

δtn,k = tnow − tSn

A

B

ttB − ttA ≥ tnow − tA
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We consider N operational stations (S0, …, SN), a gridded search volume V containing the 
network and target earthquake source regions, and pre-computed travel times from each 
station to each grid point (i,j,k) in V computed for a given velocity model.

When the first station Sn triggers, we compute for each grid point the quantity:

When a new station triggers, we 
re-evaluate (pm)i,j,k for all the pairs Sn 
(triggered) - Sk (not-yet-triggered).

RTLoc: Algorithm (1/2)

(pn)i,j,k =
{

1 if (ttSk − ttSn)i,j,k ≥ δtn,k

0 if (ttSk − ttSn)i,j,k < δtn,k
; k #= n

δtn,k = tnow − tSn

A

B

ttB − ttA ≥ tnow − tA
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For each pair Sn, Sm of triggered stations, we compute at each grid point (i, j, k), the quantity:

RTLoc: Algorithm (2/2)

(qm)i,j,k = exp

{
−

[(ttSm − ttSn)− (tSm − tSn)]2i,j,k
2σ2

}
;m "= n

A

B

ttB − ttA = tB − tA
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For each pair Sn, Sm of triggered stations, we compute at each grid point (i, j, k), the quantity:

RTLoc: Algorithm (2/2)

Eventually, for each grid point we define:

where M is the number of equations.
The quantity Qi,j,k forms a relative probability density function (with values between 0 and 1) for the 
hypocenter location within the grid cell (i, j, k).

Qi,j,k = (Pi,j,k)N

Pi,j,k =
1
M

[
∑

n

(pn)i,j,k +
∑

m

(qm)i,j,k

]

(qm)i,j,k = exp

{
−

[(ttSm − ttSn)− (tSm − tSn)]2i,j,k
2σ2

}
;m "= n

A

B

ttB − ttA = tB − tA
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RTLoc test at the ISNet

The Irpinia Seismic Network (ISNet)
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RTLoc test at the ISNet

The Irpinia Seismic Network (ISNet)
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RTLoc test at the ISNet
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Event association (binding)
New Pick

Is there an event?

Temporarily associate 
the pick to the event i

Re-locate event i

RMS < RMSmax ?

Permanently associate 
the pick to the event i

Save to disk the new 
location map for event i

Declare a new event j

Compute the location 
probability for j

Save to disk the location 
map for event j

YES

NO

NO

YES

RMSSi =
1
M

M∑

j=1

[(ttSi − ttSj)− (tSi − tSj)]
2
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Real-Time Hazard Evaluation/Mitigation

f̂PGA(pga) =
∫

M

∫

R
fPGA|M,R(pga|m, r)f̂M (m)f̂R(r)dmdr

from Iervolino et al., 2006 
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EEW
(function of time)

Attenuation Law

Real-Time Hazard Evaluation/Mitigation

f̂PGA(pga) =
∫

M

∫

R
fPGA|M,R(pga|m, r)f̂M (m)f̂R(r)dmdr

f̂EDP (edp) =
∫

IM
fEDP |PGA(edp|pga)f̂PGA(pga)dpga

Estimation of Engineering Demand Parameters (EDP):

from Iervolino et al., 2006 
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Discussion

• We have developed a probabilistic, real-time evolutionary location 
technique (RTLoc) based on the equal differential-time (EDT) formulation. 

• At each time step, this algorithm makes use of both the 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 updated at fixed time intervals or when a 
new station triggers.
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• Constraint on the hypocenter location is obtained as soon as the first 
station has triggered and is updated at fixed time intervals or when a 
new station triggers.

• The hypocenter location is estimated as a probability density function 
defined within a pre-defined search volume. 

• This probabilistic description of the location results is easy to 
incorporate into a system for real-time hazard evaluation and 
mitigation. 
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Discussion

• We have developed a probabilistic, real-time evolutionary location 
technique (RTLoc) based on the equal differential-time (EDT) formulation. 

• At each time step, this algorithm makes use of both the 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 updated at fixed time intervals or when a 
new station triggers.

• The hypocenter location is estimated as a probability density function 
defined within a pre-defined search volume. 

• This probabilistic description of the location results is easy to 
incorporate into a system for real-time hazard evaluation and 
mitigation. 

• Both synthetic and real data show that useful locations can be obtained 
within 1-2 seconds for a local earthquake and 6-10 seconds at a regional 
scale


