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The aim of this paper is to present briefly
an hypocenter non-linear location method
for SWIberia (Southwest Iberian Peninsula)
plus adjacent Atlantic area of Azores and
Madeira, developed in Seismological Lab-
oratory of Instituto Superior Técnico (IST),
Portugal. SWIberia (34-40N and 5-13W)
has a special seismic interest because it
comprehends Gorringe Bank, a geological
ocean structure with a relevant seismic ac-
tivity. The hypocenter location of 1755 earth-
quake (M ∼ 8.5), which affected the por-
tuguese coast line, was probably at Gorringe
Bank.

A 3–D velocity P–wave model by Raphaël
Grandin et.al for SWIberia was used [1].
Taking this model, it was extended the P and
S wave ocean pattern towards Azores and
Madeira’s region with the assumption of an
homogeneous model along the ocean. The
intent of this extrapolation was to include the
Navigator seismic stations located at Ter-
ceira and Madeira islands respectively. The
Navigator seismic network comprises sev-
eral seismic stations including IST and IM1

ones (see Fig.1). The final region limits are
32-40N and 5-35W.

Figure 1: Subset of Navigator seismic net-
work

Earthquake analysis algorithms often use
a stratified (1–D) crustal and mantle veloc-
ity models for earthquake location. This
approximation is inappropriate in SWIberia,

1Meteorological Institute of Portugal

where sources are located in the oceanic
domain and receivers in the continental do-
main. Crustal structure varies dramatically
along ray paths, with large-scale hetero-
geneities of low or high velocities [1]. So, ge-
ometrical limitations combined with a com-
plex velocity pattern inherent to the region,
it turns into a situation particularly critical
when applying linear models to hypocenter
determination.

Thus, it was chosen a nonlinear earth-
quake location featured by NonLinLoc2 (NL-
Loc) in order to solve the problems men-
tioned before. This program follows the
probabilistic nonlinear formulation for earth-
quake location problem of Tarantola and
Valette [4]. This approach basically deals
with theoretical travel-times (given by the ve-
locity model) and phase observed data of
P and/or S waves, incorporated in terms of
probability density functions (PDFs). The
unknown parameters are the hypocentral
coordinates (x, y and z) and the origin time
T . There are two different types od PDF: the
least squares L2 norm PDF formulation (LS-
L2) or Equal Differential Time (EDT) likeli-
hood function. The PDFs contain also a
complete description of location uncertain-
ties, i.e., a priori known errors, such as mea-
surement errors or travel time calculation er-
rors, are explicitly incorporated in PDF, too.
Realistic estimates of the errors must be
specified in Gaussian form through covari-
ance matrices. Location uncertainties are
displayed as confidence ellipsoidal volumes
(see results).

Before computing hypocenter location,
NonLinLoc evaluates the theoretical travel-
times between a station and all nodes of a
3D grid using the Eikonal finite-difference
scheme of Podvin and Lecomte [2]. They
describe the algorithm as follows: This
method relies on a systematic application of
Huygen’s principle in the finite difference ap-
proximation. Such approximation explicitly
takes into account the existence of differ-
ent propagation modes (transmitted and

2The NonLinLoc software is developed and main-
tained by Anthony Lomax
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diffracted body waves, head waves). Local
discontinuities of the time gradient in the first
arrival time field (e.g. caustics) are built as
intersections of locally independent wave-
fronts. As a consequence, the proposed
method provides accurate first travel times in
the presence of extremely severe, arbitrarily
shaped velocity contrasts. Associated to a
simple procedure which accurately traces
rays in the obtained time field, this method
provides a very fast tool for a large spec-
trum of seismic and seismological problems.

The method

Three requirements for the earthquake
location procedure need to be met in the
current study:

1. It must handle a 3–D velocity model.

2. It must extract the phase time-pick ob-
servations from the seismic data regis-
tration of the seismic event.

3. Configure and run NonLinLoc; the in-
puts must be according to NLLoc sin-
taxe

Firstly, it was taken SWIberia P and S
velocity and under its rotine application3 it
was constructed a C program plataform with
Gnuplot for a graphic visualization (see Fig.2
and Fig.3).

From the velocity contour levels pattern,
a modulation was made according to sin-
taxe of NLLoc. Basically, the new extrapo-
lated model was developed through a geo-
metric solid scheme. Each solid was assign
by a velocity (P and S) at a reference depth
and its gradients. A set of geographic coor-
dinates transformation parameters was per-
formed in order to ascribe a georeference
over the current velocity model and the next
valuations. It was used the SIMPLE transfor-
mation which only corrects longitudinal dis-
tances as a function of latitude (see Fig. 4
and Fig. 5).

3generously conceded by J. BORGES

Figure 2: Color contour map of P waves ve-
locity model of SWIberia region by Raphaël
et.al [1]
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Figure 3: Contour levels of P waves velocity
model of SWIberia region by Raphaël et.al
[1]

Figure 4: P wave velocity model for
SWIberia and adjacent Atlantic region: XY
section, z = 0km

2



Figure 5: P wave velocity model for
SWIberia and adjacent Atlantic region: XZ
section, y = 38, 8◦

Then, it was evaluated the slow-len in
order to compute the travel-times grids for
each station (see Fig. 6).

Figure 6: P wave slow-len model for
SWIberia and adjacent Atlantic region: XY
section, z = 0km

Afterward, it was performed a seismic sig-
nal analysis of two seismics events, oc-
curred at 12/02/2007 and 01/07/2007, in or-
der to take the arrival time of P and S wave.
All P and S picking phases available for
these events were used. The use of global
constant VP

VS
= 1.73 ([1], p.1149) instead of

a 3–D S was possible because the patterns
and boundaries of both models are very sim-
ilar.

Finally, after the previously carefull insta-
lation of the software package NonLinLoc,
the program was run with the input data
set and with “our” velocity model. The
numerical computation of PDFs by NLLoc

is performed by three different ways: (1) via
Grid-Search algorithm using successively
finer, nested grids; (2) via Metropolis-Gibbs
sampling algorithm performing a directed
random walk within a spatial volume to
obtain a set samples that follow the PDF;
(3) via an Oct-Tree Importance sampling
algorithm (Oct-Tree algorithm) wich gives
accurate, efficient and complete mapping of
the PDF of the earthquake location problem
through an octal recursive subdivision of the
sampling cell of 3–D grid [3] [5].

Results

It is present the best hypocenter loca-
tions, obtained over all three algorithms
tested, for the seismic events in examina-
tion. The results are compared to locations
results of EMSC4 and IM5. The data pro-
vided are:

***************Dados do EMSC****************
EARTHQUAKE on 12/02/2007 at 10:35 (UTC)
AZORES-CAPE ST. VINCENT RIDGE 178 km
SW Sagres

MAGNITUDE: Mw 6.1
Data provided by: BRA GFU IMP INGV IRSA
LDG LED LJU LVV MAD
MCSM NEIC NEWS OGS RNS SKO SOF THE

Latitude = 35.81 N
Longitude = 10.26 W
Origin Time = 10:35:22.5 (UTC)
Depth = 32 Km

95% confidence ellipse:

- Semi major = 5.1 Km

- Semi minor = 2.1 Km

- Azimuth of major axis = 169 degrees

Number of data used = 487

EARTHQUAKE on 01/07/2007 at 19:03 (UTC)
AZORES-CAPE ST. VINCENT RIDGE 302 km
W Sagres
MAGNITUDE: mb 4.9
Data provided by: BUC GFZ IMP LJU MAD NEIC

4European-Mediterranean Seismological Centre
5Meteorological Institute of Portugal
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ODC ZAMG
Latitude = 36.32 N
Longitude = 12.21 W
Origin Time = 19:03:06.8 (UTC)
Depth = 2 Km

95% confidence ellipse:

- Semi major = 9.0 Km

- Semi minor = 4.3 Km

- Azimuth of major axis = 171 degrees

Number of data used = 171

***********************************************
****************Dados do IM*****************
12-Fev
Ho 10:35:25.5 ML 5.9
Lat 35.933◦N Lon 10.495◦W Prof 37
Region: Mar de Marrocos
Towards: V Sagres
AxMax 4.2 AxMin 2.4 Ang 119 ErrZ 12 (elipse de
confiança (90%), em km)

01-Jul Ho 19:03:15.2 ML 4.9
Lat 36.568◦N Lon 11.986◦W Prof 10
Region: Gorringe
Towards: IV Lisboa
AxMax 5.2 AxMin 3.6 Ang 76 ErrZ 0 (elipse de
confiança (90%), em km)

***********************************************

It was taken into consideration the case
studies analysed in [6] (págs. 30-46), too.

Our best fit was with OCT-Tree method ap-
plied to the EDT PDF.

The Oct-Tree sampling algorithm resolved
the problem computing in a very stable pro-
cess. If the minimum size final cell is
changed, only the depth z coordinate varies
considerably among the most other signifi-
cant numerical parameters. All the events
were located using the same parameters
such initial grid size, number of samples
drawn from the PDF and minimum cell size.
However, OCT-Tree may not detected local
maxima, but this is not a relevant problem
because the main purpose is to evaluate the
absolute maxima.

The norm of PDF used was the EDT type-
cast. EDT formulation is very robust in the
presence of outliers because the sum over
observations is outside the exponential. The
EDT pdf has its largest values for those
points where the most pairs of observations
are satisfied and thus is not sensitive to out-
lier data. The EDT pdf is independent of ori-
gin time, but a compatible estimate is cal-
culated by NLL for the maximum likelihood
hypocenter (see [5], [15] e [11]).

Figure 7: Hypocentral location for the seis-
mic event of 12/07/2008 with OCT-Tree
method and EDT PDF type. The ex-
pected hypocenter coordinates are: lati-
tude = 35.70◦, longitude = −10.76◦ e depth
= 29.14km. The gaussian expected value
is: latitude = 35.70◦, longitude = −10.73◦

e depth = 42.56km.The semi-axis lenght (in
km) of 95% confidence gaussian ellipse are:
8.07, 23.00 e 25.40.

The numerical parameters of OCT-Tree
method were quite well modulated. The
results are very close from the EMSC re-
sults which are expected to be credible be-
cause its evaluation was performed over a
hundred of seismic stations. Besides that,
the 01/07/2007 results arise an interesting
case studied by [6], p.30. The depth of
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Figure 8: Hypocentral location for the
seismic event of 12/07/2008 with Grid-
Search method and EDT PDF. The ex-
pected hypocenter coordinates are: latitude
= 35, 92◦, longitude = −12, 17◦ and depth
= 2, 01km. The gaussian expected value
is: latitude = 32.86◦, longitude = −18.02◦ e
depth = 29.30km. The semi-axis lenght (in
km) of 95% confidence gaussian ellipse are:
17.50, 48.50 e 370.00.

this seismic event was close to surface, i.e.,
near the boundaries of grid model record-
ing network and also in a sharp and high
contrasted horizontal interface in the veloc-
ity model. The seismic event occured be-
tween lower velocities above and higher ve-
locities below. These conditions are going
produce an irregular PDF with two maximas.
Non-Linear procedure will detect the abso-
lute maximum near the surface but the ex-
pected value computed through Gauss es-
timators will assign to the region with more
samples - the local maxima.

Thus, the probabilistic non-linear earth-
quake location method proved to be the
more reliable procedure.
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