
Geophys. J. Int. (2011) 187, 1625–1644 doi: 10.1111/j.1365-246X.2011.05219.x

G
JI

S
ei

sm
ol

og
y

New moment magnitude scale, evidence of stress drop magnitude
scaling and stochastic ground motion model for the French
West Indies
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S U M M A R Y
In this study we analyse records from the ‘Les Saintes’ seismic sequence following the Mw =
6.3 earthquake of 2004 November 11, which occurred close to Guadeloupe (French West
Indies). 485 earthquakes with magnitudes from 2 to 6, recorded at distances between 5 and
150 km are used. S-waves Fourier spectra are analysed to simultaneously determine source, path
and site terms. The results show that the duration magnitude routinely estimated for the events
that occurred in the region underestimate moment magnitude by 0.5 magnitude units over
the whole magnitude range. From the inverted seismic moments and corner frequencies, we
compute Brune’s stress drops. We show that stress drops increase with increasing magnitude.
The same pattern is observed on apparent stresses (i.e. the seismic energy-to-moment ratio).
However, the rate of increase diminishes at high magnitudes, which is consistent with a
constant stress drop model for large events. Using the results of the inversions, we perform
ground motion simulations for the entire data set using the SMSIM stochastic simulation tool.
The results show that a good fit (σ = 0.25) with observed data is achieved when the source is
properly described by its moment magnitude and stress drop, and when site effects are taken
into account. Although the magnitude-dependent stress drop model is giving better results than
the constant stress drop model, the interevent variability remains high, which could suggest
that stress drop depends on other parameters such as the depth of the hypocentre. In any case,
the overall variability is of the same order of magnitude as usually observed in empirical
ground motion prediction equations.

Key words: Fourier analysis; Earthquake ground motions; Earthquake source observations;
Seismic attenuation; Site effects; South America.

1 I N T RO D U C T I O N

The Lesser Antilles arc is formed by the subduction of the American plates below the Caribbean plate in a roughly ENE direction, at a rate
of about 2 cm yr−1 (Deng & Sykes 1995; Dixon et al. 1998; De Mets et al. 2000). It results in a high seismicity level both on the subduction
interface and within the deformed Carribbean Plate (crustal events) on 100–250 km wide zone (Feuillet et al. 2002).

In this study we analyse crustal events of the ‘Les Saintes’ seismic sequence following the Mw = 6.3 (Harvard CMT catalogue) event
that occurred on 2004 November 11 close to the Leeward Island of the eastern Carribean (Guadeloupe). The large amount of high-quality
records in the area provide a very interesting data set for spectral analysis. Andrews (1986) first proposed to use multiple earthquakes recorded
at the same set of stations to simultaneously invert source, path and site terms. This kind of spectral analysis has been widely used with a
non-parametric (e.g. Castro et al. 1990; Oth et al. 2011) or a parametric (e.g. Edwards et al. 2008; Drouet et al. 2010) approach.

One of the first objectives of such an approach is to estimate moment magnitudes from the Fourier amplitude spectra for relatively
small events. Such a moment magnitude scale is actually not available for the French Antilles and only duration magnitude is computed for
events with magnitude lower than about 5.0. For the largest events, the USGS usually provides moment magnitudes from moment tensor
inversions. Recent advances in the domain of strong-motion predictions show that reliable moment magnitude estimates are needed even for
the small-to-moderate events to accurately predict strong ground motion (Bommer et al. 2007). Moreover, a homogeneous magnitude scale
is required to build seismicity catalogues and recurrence distribution of earthquakes, which are the first ingredients of probabilistic seismic
hazard estimations.
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Another issue of the present analysis concerns the scaling of stress drop with magnitude which is still an open debate. Some authors
observe an increase of seismic energy-to-moment ratio on magnitude (e.g. Abercrombie 1995; Prejean & Ellsworth 2001; Walter et al. 2006)
or of static stress drop on magnitude (e.g. Edwards et al. 2008; Drouet et al. 2010). On the other hand, Ide & Beroza (2001) suggested that
the limited frequency band available in such analyses was responsible of the apparent increase observed. Ide et al. (2003) reexamined the data
used in Prejean & Ellsworth (2001) and found evidence that the previously observed scaling was due to a propagation effect. However, in the
context of Green’s function method for the simulation of earthquakes, a stress drop ratio (between the small event and the large one) greater
than one is usually needed to accurately predict ground motion (e.g. Courboulex et al. 2010).

The origin of this scaling is, however, still not resolved and could be due to difference in the rupture process between small and large
events (Brodsky & Kanamori 2001), and/or due to the effect of depth with hypocentres of larger events being deeper than those of smaller
earthquakes. The ‘Les Saintes’ seismic sequence offers a unique opportunity to analyse this stress drop issue over a wide magnitude range.

The first part of this study is devoted to the analysis of source, path and site effects obtained from spectral analysis of the ‘Les Saintes’
seismic sequence records. Special attention is given to source properties. As explained later, the moment magnitudes for the six largest events
are scaled with the magnitudes given by the USGS. Our results support the scaling of stress drop with magnitude. The ‘Les Saintes’ seismic
sequence allow the analysis of earthquakes with a wide magnitude range (from 2 to 6) that all occurred in a small area. Site effects and
propagation parameters are also determined and will be used for the simulation of ground motions.

Although Guadeloupe is a high seismicity region, data from large earthquakes are lacking to produce a ground motion prediction equation
(GMPE) adapted to that context. Douglas et al. (2006a) compared recorded data and predicted ones from a number of GMPEs derived for
other regions. These authors used the Scherbaum et al. (2004) testing procedure and showed that none of the selected GMPEs adequately
predicts ground motions in Guadeloupe. One alternative consists in using data from small events to constrain ground motions for future
strong events. Courboulex et al. (2010) used the Green’s function approach to predict ground motions from the ‘Les Saintes’ main shock and
showed that their predictions were more accurate than those estimated from GMPEs. However, this method is limited by the unconstrained
ratio between the stress drops of the small event (Green’s function) and the large event (simulated one).

In this study, we provide an alternative procedure for estimating ground motions in Guadeloupe, based on the stochastic simula-
tion (SMSIM program, Boore 2003) coupled with the results of the spectral inversion presented earlier. We simulate response spectra
for the entire data set using three different stress drop models (constant stress drop, model of increasing stress drop with magnitude and
event-specific stress drops). We show that the interevent term standard deviation is controlled by the stress drop, and that a good de-
scription of the source including robust moment magnitude and a frequency-content indicator (stress drop) reduces interevent standard
deviation.

2 DATA

On 2004 November 21, at 11:41 a magnitude Mw = 6.3 (Harvard global Centroid Moment Tensor catalogue, http://www.globalcmt.
org/CMTsearch.html) earthquake struck the Guadeloupe (French Lesser Antilles) close to ‘Les Saintes’ islands. It was followed by a large
number of aftershocks in the following years until now. The largest one (Mw = 5.8, Harvard CMT catalogue) occurred on 2005 February 14.

The main shock and its aftershocks were recorded by the French Accelerometric Network stations in Guadeloupe and Martinique, plus
the accelerometric stations of the ‘Conseil Général de Martinique’. The stations and data are managed by the ‘Observatoire Volcanologique
et Sismologique de Guadeloupe’ (OVSG) in Guadeloupe and by the ‘Observatoire Volcanologique et Sismologique de Martinique’ (OVSM)
in Martinique. All the accelerometric data are freely available at http://www-rap.obs.ujf-grenoble.fr/ (Pequegnat et al. 2008).

We selected all the events related to the ‘Les Saintes’ seismic sequence (including one foreshock) recorded by at least three stations
(without restriction on magnitude) between 2004 November and 2005 December. For this time period, P- and S-wave arrival times of the
accelerometric data were already picked within the CDSA project (French Antilles Seismological Data Base, Bengoubou-Valerius et al.
2008). From 2006 to 2009, we selected all the events with a duration magnitude determined by the OVSG greater than or equal to 3. The data
set includes 485 events (see Table S1) recorded at 19 stations from Guadeloupe and 11 stations from Martinique (Fig. 1 ) which results in
2512 three-component records. The duration magnitudes (Md), which are routinely estimated at the OVSG, range between 1.1 and 6.0 (for 68
events no magnitude was computed), and hypocentral distances range between 2.75 and 85.41 km for the stations in Guadeloupe and between
110.18 and 173.98 km for the stations in Martinique (Fig. 1). The list and location of the stations are indicated in Table 1.

All the records were visually inspected to identify any problem (i.e. step function within the signal, spikes etc.) and to pick P- and
S-waves arrival times when necessary (i.e. for data from 2006 to 2009). Fig. 2 shows examples of data recorded at station GBGA for three
different earthquakes with indication of the P- and S-waves arrival times. It shows that even very small earthquakes are well recorded. Noise
Fourier spectra are computed from the beginning of the recording to the P-wave arrival time. S-waves Fourier spectra are computed from
the time window starting at the S-wave arrival time and ending where it includes 80 per cent of the energy computed from the S-wave
arrival time. The spectra are then smoothed using Konno & Ohmachi (1998) smoother and the two horizontal components are combined as
H = √

(East − West × North − South). Finally, we only keep data with signal amplitude greater than three times the noise amplitude.
Since we are interested in very small earthquakes, the lower frequency limit is set to 0.5 Hz, where there is still significant energy in the

signal for these small events. This will, in turn, limit our ability to determine robust source parameters for the largest earthquakes, especially
the main shock where corner frequency is likely smaller than 0.5 Hz. However, since only four events have a duration magnitude greater than
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Ground motion model for French West Indies 1627

Figure 1. Left: maps of the earthquakes (red circles), stations (blue triangles) and paths (grey lines) used in this study. The location of the 2004 November
21 11:41 main shock is denoted by the black star, and its focal mechanism from Harvard CMT is shown. Right: duration magnitude—hypocentral distance
distribution of the data from Guadeloupe (red triangles) and Martinique (blue triangles) and duration magnitude—focal depth distribution.

4.5 (Fig. 1), the number of good-quality data below 0.5 Hz is too small to be included. Indeed, in the inversion procedure, a large number of
data at each frequency is required to simultaneously determine source, path and site parameters.

To overcome this problem, we choose to impose the moment magnitude for the largest events. This will allow us, for these events, to
adjust only the corner frequency, which is possible despite the limited frequency range. The Harvard CMT catalogue contains only six events
relative to the ‘Les Saintes’ seismic sequence (Table 2). These magnitudes will help to constrain the inversion (see the Method section).

The upper frequency limit is 30 Hz, half the Nyquist frequency of the accelerometers. Fig. 2 shows the frequency range considered for
each record; clearly data below 0.5 Hz are still usable for the largest event, while for the smallest event, the lowest usable frequency is around
1.2 Hz.

3 M E T H O D

To simultaneously determine source, path and site effects, far-field acceleration Fourier spectra of all the records are inverted using the
methodology presented in Drouet et al. (2008) and Drouet et al. (2010). The time domain convolution of the three contributions becomes a
simple multiplication in the spectral domain.

Ai jk(ri j , fk) = �i ( fk) × Di j (ri j , fk) × Sj ( fk), (1)

where rij is the hypocentral distance from earthquake i to station j and fk the frequency.
The source is described using the usual Brune’s source model (Brune 1970, 1971).

�i ( fk) ∼ (2π fk)2 M0i[
1 +

(
fk
fci

)2
] , (2)

where M0i is the seismic moment, and fci the corner frequency of event i.
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1628 S. Drouet, M.-P. Bouin and F. Cotton

Table 1. Stations analysed in this study.

Name Longitude Latitude Elevation (km) Number of records

OVSG stations

ABFA −61.74 16.01 0.018 189
ADEA −61.09 16.30 0.009 8
BERA −61.46 16.49 0.031 19
CBEA −61.56 16.05 0.029 38
CDSA −61.70 15.98 0.420 16
GBGA −61.32 15.88 0.009 284
IPTA −61.53 16.23 0.020 247
JARA −61.56 16.25 0.004 101
MESA −61.46 16.33 0.023 76
MOLA −61.35 16.31 0.025 89
PIGA −61.77 16.15 0.098 223
PRFA −61.72 15.99 0.066 378
SAGA −61.36 16.25 0.025 14
SFGA −61.20 16.25 0.015 15
SROA −61.71 16.33 0.029 148
TBPA −61.64 15.85 0.046 9
TDBA −61.64 15.85 0.276 341
TDHA −61.58 15.87 0.114 58
THMA −61.58 15.87 0.012 166

OVSM stations

CGCA −61.17 14.70 0.015 11
CGDI −61.03 14.47 0.005 6
CGLR −61.10 14.45 0.050 6
MADI −61.04 14.49 0.090 9
MALA −60.99 14.59 0.006 6
MAMA −60.87 14.47 0.020 9
MAME −61.12 14.61 0.140 3
MASM −60.98 14.76 0.040 16
MASP −61.17 14.74 0.010 2
MATR −60.96 14.73 0.020 16
MAZM −61.02 14.58 0.023 9

Attenuation involves anelastic decay and geometrical spreading,

Di j (ri j , fk) = exp

(
− πri j fk

Q( fk)vS

)
× 1

r γ

i j

, (3)

where vS is the average S-wave velocity along the path and Q(fk) = Q0 × f α
k is the frequency-dependent quality factor. Note that the geometrical

spreading may differ from the classical r−1
ij form through the coefficient γ . We expect γ to be greater than 1, because downward reflections

from layer interfaces (e.g. Frankel 1991) and scattering (e.g. Gagnepain-Beyneix 1987) can result in a geometrical loss of energy. Some
studies use a segmented geometrical decay to account for reflections on the Moho and predominance of surface waves at large distances. In
our case, the limited distance range covered by the data does not allow the determination of such a complex model.

Finally, the base 10 logarithms of the Fourier spectra can be written as

yi jk = m0i − log10

⎡
⎢⎣

⎛
⎜⎝ (2π fk)2

1 +
(

fk
fci

)2

⎞
⎟⎠

⎤
⎥⎦ − γ log10(ri j ) − πri j f 1−α

k

loge(10)Q0vS
+ s jk, (4)

where

yi jk = log10

[
Ai jk(ri j , fk)

]
, (5)

m0i = log10

[
M0i × 2Rθφ

4πρβ3

]
, (6)

s jk = log10

[
Sj ( fk)

]
, (7)

with Rθφ the source radiation pattern, assumed to be constant (Rθφ = 0.55 for S waves, Boore & Boatwright 1984), ρ the density, β the S-wave
velocity of the medium at the source and vS the S-wave velocity along the path (we assume β = vS = 3.5 km s−1 and ρ = 2800 kg m−3).
The factor 2 in eq. (6) accounts for the free surface reflection at the station assuming a quasi-vertical incidence. This is exact for SH and a
reasonable approximation for quasi-vertical SV (Aki & Richards 2002).

C© 2011 The Authors, GJI, 187, 1625–1644

Geophysical Journal International C© 2011 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/187/3/1625/616984 by C

N
R

S - ISTO
 user on 06 August 2020



Ground motion model for French West Indies 1629

Figure 2. Examples of data for three events recorded at station GBGA. Left: horizontal acceleration time-series with P-wave arrival times (blue dashed line)
and S-wave windows used to compute Fourier spectra (red dashed lines). Right: Fourier spectra for noise (blue) and signal (red) for the combined horizontal
component; the usable frequency range is indicated by the dashed red lines.

Table 2. Moment magnitudes for the six largest
events from the Harvard CMT catalogue (http://www.
globalcmt.org/CMTsearch.html).

Events data and time Mw

2004.11.21–11.41.00 6.3
2004.11.21–13.36.00 5.3
2004.11.21–18.53.00 5.3
2004.11.27–23.44.00 4.9
2004.12.02–14.47.00 5.0
2005.02.14–18.05.00 5.8
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1630 S. Drouet, M.-P. Bouin and F. Cotton

Figure 3. Correlation matrix between the inverted parameters.

There is one remaining unconstrained degree of freedom left in eq. (4) since all the seismic moments can be divided (or multiplied) by a
constant value and the site terms can be multiplied (or divided) by the same value without changing the equation (Andrews 1986; Boatwright
et al. 1991). The usual way to solve that problem is to impose that on average logarithms of site effects are null [

∑
log10(Sjk) = 0]. In this

study, we choose instead to impose the moment magnitudes for the six largest events.

m0reference event = log10

[
M0reference event ×

(
2Rθφ

4πρβ3

)]
(8)

for all of the six events from Table 2. This equation is referred to as the ‘reference condition’.
The standard deviation we impose on the reference condition is small enough to ensure that the moment magnitudes for the large events

will remain fixed during the inversion, allowing a robust estimation of the corner frequencies of the largest events.
We use an iterative Gauss–Newton inversion scheme, based on the derivatives of yijk with respect to the parameters, to linearize the

problem at each iteration and converge to the solution (Tarantola 2004; Drouet et al. 2008). The standard deviation on the model parameters
are computed from the covariance matrix, which is estimated after the inversion. Consequently, standard deviations presented in the following
sections are probably underestimated and a better estimate could be obtained using bootstrapping but this is beyond the scope of this study.
Moreover, as shown in Fig. 3 , the correlations between parameters are weak, except those theoretically expected between seismic moments
and corner frequencies.

4 R E S U LT S

4.1 Attenuation

The data from Guadeloupe and Martinique are characterized by very different propagation paths. All the records from Guadeloupe are
at distances lower than 90 km from the source and all the records from Martinique are at distances greater than 110 km from the
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Ground motion model for French West Indies 1631

Table 3. Attenuation parameters determined in this study.

γ Q1
0 α1 Q2

0 α2

One Q model
Guadeloupe data only

1.088 ± 0.003 244 ± 32 0.24 ± 0.02 – –
Guadeloupe and
Martinique data

1.077 ± 0.001 345 ± 5 0.21 ± 0.01 – –
Two Q models

Guadeloupe data Martinique data
1.058 ± 0.001 261 ± 12 0.16 ± 0.01 287 ± 5 0.35 ± 0.01

source. Moreover, the paths are crossing different regions and different portions of the crust, the longest paths going deeper in the
crust.

We performed tests to check the influence of the data used on the propagation path parameters determination. We first used only data
from Guadeloupe and then data from Guadeloupe and Martinique under two hypothesis: (1) the quality factor is the same for all the data; (2)
two quality factors are defined, one for the paths towards Guadeloupe and one for the paths towards Martinique.

Table 3 shows that using all the data together with the same quality factor leads to different values for Q0 compared to the results using
only data from Guadeloupe. It also shows that using two different quality factors leads to different α values for the two categories of paths.
Due to the majority of data from Guadeloupe the attenuation parameters are not changing much by the inclusion of data from Martinique.
However, as shown by the test with the two quality factors, the travel paths towards Martinique are crossing less attenuating materials (higher
Q0 and α means higher quality factor), which is expected since those paths are going deeper into the crust. In the following sections, the
results from the two quality factors models are shown to take into account these attenuation differences between the two kinds of paths.

4.2 Residuals

After the inversion, we compute the residuals between the observed data and the synthetic model build with the inverted parameters. The
residuals distribution is shown on Fig. 4 for all the frequencies as well as for the low frequencies (1 ≤ f ≤ 2 Hz) and for the high frequencies
(15 ≤ f ≤ 20 Hz). The parameters of the equivalent Gaussian distribution (mean: μ and standard deviation: σ ) are also given and show a
mean distribution around 0 with standard deviation almost independent of the frequency band around 0.149–0.164. The residuals are also
plotted against hypocentral distance, duration magnitude and frequency in Fig. 4. These distributions and the bin average residuals do not
show any trend.

Figure 4. Top frames: residual distribution for all the frequencies and two selected frequency bands (1–2 Hz and 15–20 Hz). The parameters of the equivalent
Gaussian distribution are indicated on top of each frame. Bottom frames: residuals against hypocentral distance, duration magnitude and frequency (grey
triangles). The bin average residuals are also shown (red squares).
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1632 S. Drouet, M.-P. Bouin and F. Cotton

4.3 Source parameters

4.3.1 Magnitudes

Moment magnitudes are estimated from the inverted seismic moments using Hanks & Kanamori (1979) relationship

Mw = log10(M0) − 9.1

1.5
. (9)

They are compared with the routinely determined duration magnitude in Fig. 5 which shows that Md is systematically lower than Mw within
the magnitude range analysed, the relationship being

Mw = 0.50(±0.03) + 1.01(±0.01) × Md. (10)

4.4 Corner frequencies and Brune’s stress drop

The Brune’s source model predicts a relationship between seismic moment and corner frequency, which involves the stress drop parameter
�σ (Brune 1970, 1971).

M0 = 16

7
�σ

(
0.37vS

fc

)3

. (11)

Under the assumption of constant stress drop, there is a linear relationship between Mw [which is equivalent to log10(M0)] and corner
frequency Mw ∼ −(1/3)f c.

The corner frequencies are plotted against moment magnitudes in Fig. 6 , with the theoretically expected relationship for three different
constant stress drop values (105, 106 and 107 Pa). Fig. 6 shows that stress drops are almost all lying between 1 and 500 bars (1 × 105 and
500 × 105 Pa). The linear regression shows a clear increase of stress drop with magnitude with an average value around 10 × 105 Pa for
Mw = 2.5 and around 100 × 105 Pa for Mw = 5.0. The extrapolation of this relationship towards larger magnitudes gives a relatively large

Figure 5. Comparison of the routinely determined duration magnitudes (Md) and the inverted moment magnitudes (Mw). The regression is denoted by the
grey line and the 1:1 relationship by the dashed black line.

Figure 6. Left: corner frequencies against moment magnitudes. The dashed lines indicate the theoretical relationship for three different constant stress drop
values: 105, 106 and 107 Pa. The grey line indicates the linear regression for all the events, the red lines indicate the segmented linear regression (Mw < 4.6
and Mw � 4.6), and the cyan line indicates the order 3 polynomial regression. Right: estimated radiated energy against seismic moment and regression line.
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Ground motion model for French West Indies 1633

stress drop for the main event (493 bars) compared to the value estimated from the inverted corner frequency (263 bars). We then fit the data
with a segmented regression, for events with Mw < 4.6 and for those with Mw � 4.6, and with a polynomial function of order 3. Those two
regressions show a flattening of the relationship between corner frequency and moment magnitude leading to more realistic stress drop values
for the larger events. This would be in agreement with the transitional model of Walter et al. (2006).

4.5 Radiated energy and apparent stress

The radiated energy for each event is also estimated through the integration of the squared velocity source spectra (Abercrombie 1995;
Mayeda & Walter 1996). We first correct all the spectra of the same event for propagation and site effects to get source spectra, which we also
convert from acceleration to velocity using the following relationship:

Vi jk = Ai jk

2π fk
× r γ

i j × exp

(
πri j f 1−α

k

Q0vS

)
× Sj ( fk). (12)

The average velocity source spectra over all the stations that recorded each event is squared and integrated, and the energy carried by S waves
is estimated (Mayeda & Walter 1996).

E = Rθφ

4πρv5
S

×
∫ f2

f1

V ( f )2d f. (13)

To estimate the uncertainty associated with the energy estimation, we have to compute the uncertainty linked to averaging source velocity
spectra. This is done by computing the uncertainty linked to the individual spectra correction following the error propagation model:

σ =
√(

σγ × ∂cor

∂γ

)2

+
(

σQ0 × ∂cor

∂ Q0

)2

+
(

σα × ∂cor

∂α

)2

+
(

σSi j × ∂cor

∂Si j

)2

, (14)

which is added to the standard deviation associated with averaging the source spectra obtained at different stations.
Since most of the energy is released around the corner frequency, for small or large events the energy estimation might be biased by the

frequency band limitation. Ide & Beroza (2001) computed a correction function to account for missing high frequencies in the integration
that is applied to each energy estimation in this study. In the following we will assume that the S-waves energy represents the radiated energy.
P waves also carry a part of the radiated energy but it is estimated to be less than 10 per cent of the total energy (Abercrombie 1995; Mayeda
& Walter 1996).

Fig. 6 shows that the relationship between seismic moment and radiated energy is linear throughout the seismic moment range. For the
largest events with their corner frequency outside the frequency range, the energy estimation might be biased even though we used the Ide &
Beroza (2001) correction function. This could explain the departure from the linear trend for the largest events.

We also compute apparent stress

σa = 2μE

M0
, (15)

with μ = 3.4 × 1010 Pa. Since energy might be underestimated for the largest events, apparent stresses are probably underestimated as well.
Fig. 7 shows that the scaling observed between Brune’s stress drop and seismic moment also exists between apparent stress and seismic

moment. One has to note, however, that the same attenuation and site terms are used in both cases, and consequently apparent stress and
Brune’s stress drop estimations are not completely independent. The Brune’s stress drop values for the large events should not be biased,

Figure 7. Left: Brune’s stress drop against seismic moment. Middle: apparent stress against seismic moment for data with corner frequency well inside the
frequency band (grey circles) and those with corner frequency close to the lower or upper frequency (empty grey circles). In the left and middle frames solid
grey lines indicate the linear regression of the data; red lines indicate the segmented linear regression (for events with Mw < 4.6 and those with Mw � 4.6);
cyan lines indicate the order 3 polynomial regression; dashed black lines indicate the scaling given by Bay et al. (2005) [originally developed for σ a: σ a∝M0.25

0
Mayeda & Walter (1996) and extrapolated to �σ assuming proportionality between �σ and σ a Bay et al. (2005)]. Right: Brune’s stress drop against apparent
stress. Dashed black line indicates the 1:1 relationship and the grey line indicates the regression of the data.
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1634 S. Drouet, M.-P. Bouin and F. Cotton

thanks to the constraint on Mw, even though the frequency band is limited. However, one has to recall that the apparent stress drop values
are underestimated for the largest events (Mw � 4.6). Assuming a linear relationship between stress parameters and seismic moments, the
observed rate of increase is higher than that determined by Mayeda & Walter (1996) and Bay et al. (2005). A segmented fit for events with
Mw < 4.6 and those with Mw � 4.6, or an order 3 polynomial fit show a flattening of the relationship between stresses and seismic moments
towards large magnitude. This is consistent with the transitional model from Walter et al. (2006). Fig. 7 also shows that Brune’s stress drop
and apparent stress are linearly correlated.

We propose the following relationship between Brune’s stress drop and seismic moment:

�σ = exp(5.9694 − 0.22431 × log(M0) + 0.026126 × (log(M0))2 − 0.00034506 × (log(M0))3), (16)

with �σ in Pa and M0 in N m. We would like to stress that the extrapolation towards magnitudes greater than 5.5 must be used cautiously
since only a limited amount of data are available in this range.

4.6 Site effects

Finally, we determine the site transfer functions for all the stations analysed in this study (Fig. 8 ). Due to the large amount of events recorded
at each station (see Table 1) and to the limited range of backazimuths and take-off angles covered (see Fig. 1), the uncertainty on the site
amplification is very small. The station with the lowest number of records (MASP, which recorded 2 events) presents also small uncertainty
on the site amplification. This is probably a consequence of the large number of events, which allowed a robust estimation of source and
propagation parameters.

We compare our results with H /V ratios computed using noise recordings (Douglas et al. 2005, 2006b, Fig. 8). The two analyses show
similar resonance frequencies and similar shapes of the transfer function for most of the stations. Moreover, although there is no theoretical
justification for the amplitudes to be similar, in this example they are in global agreement. At high frequency, however, there is a lack of
agreement.

The stations with the flattest amplification functions and the lowest amplitudes are CGCA, IPTA, MAMA, MOLA and PIGA. Those
stations can be considered as rock reference stations. Stations ABFA, SAGA and SFGA have also relatively flat transfer functions except

Figure 8. Site transfer functions (dark grey lines) ± one standard deviation (dark grey shaded area). H /V from noise recordings ± one standard deviation
(light grey lines) from Douglas et al. (2005); ,2006b) are also shown.
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Ground motion model for French West Indies 1635

above 10 Hz, where amplification or attenuation is observed. Station CGCA has already been identified as a potential reference station
(Douglas et al. 2006a). These authors also classified the stations into rock and soil categories. All the reference stations determined in this
study correspond to the rock category of Douglas et al. (2006a) as well as stations SAGA and SFGA. On the other hand, station ABFA is
classified as soil in Douglas et al. (2006a), and many stations for which we found some amplification are classified as rock. The extreme
example is station BERA for which we observe strong amplifications of about 10, around 15 Hz while, according to Douglas et al. (2006a),
it is a rock station.

5 S T O C H A S T I C S I M U L AT I O N S

The parameters determined by the inversion allow us to compute stochastic simulations using the SMSIM program (Boore 2003). The only
missing piece of information to derive such a model is the strong-motion duration. Duration is defined as the time over which 5–75 per cent
of the cumulative squared velocity is encapsulated (Raoof et al. 1999; Bay et al. 2003). This measure includes the source duration, which
equals 1/f c with f c the corner frequency of the event, and the path duration. Fig. 9 shows the path duration against hypocentral distance
estimated from the present data set. The three outliers (duration greater than 40 s) are associated to records with low signal over noise ratio.
The proposed model is summarized in Table 4. Path duration of motion for Guadeloupe seems to be consistently larger than path duration for
Western and Eastern North America (Atkinson & Silva 2000; Atkinson & Boore 2006).

We made simulations for all the analysed events. We used the SMSIM package developed by David Boore and freely available at:
http://www.dave boore.com/software_online.htm. The required inputs are the quality factor, the geometrical spreading exponent and the path
duration model for the region under investigation, as well as the site amplification functions for the recording stations. All these parameters
have been previously determined in this study. The program also requires the moment magnitude and the stress drop of the event, which were
also estimated and are reported in Table 5. For the stress drop, three options were tested.

(i) Use the inverted stress drop for each event as reported in Table 5.
(ii) Compute stress drop from the polynomial relationship given in eq. 16.
(iii) Use an average stress drop of 2.7 × 105 (Pa).

All the other parameters were set to standard values as in Boore (2003) and 20 time domain simulations were performed for each record.
Fig. 10 compares recorded and simulated time-series (the plotted one is randomly chosen among the 20 simulations) for the Mw = 6.3 main
shock at three stations ABFA, GBGA and MAMA. The first two are relatively close to the event (about 30 km), while MAMA is located
in Martinique about 150 km away. One has to note that the simulated time-series contains only S waves. The amplitude and duration of the
signal are reproduced quite well. Fig. 10 also compares recorded and simulated response spectra for 12 stations: eight in Guadeloupe among
which four are aligned with the fault strike and four are almost perpendicular to the strike, and four stations in Martinique. One clearly sees

Figure 9. Path duration of shaking against hypocentral distance for rock stations (red triangles: Guadeloupe; blue squares: Martinique) and soft stations (grey
triangles: Guadeloupe; grey squares: Martinique). The 5-km-binned average duration are denoted by black dots and the proposed model by the black line. The
models for Western North America from Atkinson & Silva (2000) (dotted line) and for Eastern North America from Atkinson & Boore (2006) (dashed line)
are also shown.

Table 4. Path duration model.

Hypocentral distance (km) Duration (s)

0.0 0.0
5.0 2.5
12.5 2.5
22.5 8.5

> 22.5 8.5 + 0.06 × Rh
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1636 S. Drouet, M.-P. Bouin and F. Cotton

Figure 10. Time-series (red: recorded horizontal components; black: simulated horizontal component) and response spectra (red: recorded horizontal compo-
nents; grey: 20 simulated horizontal components; black: average ± standard deviation simulated horizontal component) for the main shock 2004.11.21–11.41.00
Mw = 6.3 at a selection of stations.

that for the stations in Guadeloupe off-strike and for the stations in Martinique, simulated amplitudes are very close to recorded ones, and
bumps in the response spectra due to site effects are also reproduced. However, for the four stations in Guadeloupe aligned with the faults
strike, there are very high recorded amplitudes for periods below 1 s, that are not simulated. We believe that this is a directivity effect.

We compute the residuals as the differences between the logarithms of recorded and simulated response spectra. These residuals are
plotted in Fig. 11 for the three hypothesis: inverted, regressed and constant stress drops. The global distributions are almost centred and the
standard deviation increases with increasing frequency. At low frequency, the fit is of same quality whatever the hypothesis on stress drop.
At high frequency, the standard deviation of the residuals increases rapidly from the best stress drop estimate (the inverted one) to the worst
estimate (constant stress model).

To further analyse the residuals, we used the random effect model (Abrahamson & Youngs 1992) to split the residuals in an interevent
term (from one event to the other) and an intraevent term (from one station to the other). The intra- and interevent residuals are shown in
Fig. 12 against frequency, magnitude, distance and stress drop. While the intraevent term does not show any trend, whatever the hypothesis
on stress drop, the interevent term shows a clear dependence on stress drop (and magnitude but neither are independent) when the constant
stress drop model is used. A slight trend with stress drop still exists with the regressed model. It is also interesting to note the sudden increase
in standard deviation of the residuals above magnitude 5 in the case where inverted stress drops are used (top middle frame of Fig. 12). The
probable link of this result with a directivity effect is investigated below.

As suggested by the simulation of the main shock (Fig. 10) and by the previous results on the residuals (Fig. 12) there might be a
directivity effect visible for events with magnitude above 5. To test this hypothesis, we used the information on the fault orientation from the
Harvard CMT catalogue and from Courboulex et al. (2010) to plot the residuals as a function of the angle between the strike of the fault and
the source-to-station direction (Fig. 13 ). This figure shows that, for most events, the residuals clearly depend on the direction from the fault
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Ground motion model for French West Indies 1637

Figure 11. Distributions of the residuals (differences between the logarithms of recorded and simulated response spectra) using inverted (red), regressed (blue)
and constant (green) stress drops. The parameters of the equivalent Gaussian distribution are indicated on top of each frames.

indicating larger or lower amplitudes at 0◦ and 180◦ (in both directions aligned with the fault). It seems that this effect is more pronounced
for larger events. From this plot, one can then identify the direction of propagation of the rupture for each event.

6 D I S C U S S I O N A N D C O N C LU S I O N

This study provides a set of source, path and site parameters, which reproduces the Fourier spectra in a wide range of magnitudes (Mw = 2.5 to
6.3) and distances (Rhypo = 5 to 140 km). The main assumptions are a Brune’s source model, a homogeneous half-space and an average source
radiation pattern. Complex effects like rupture directivity or site non-linearity are not taken into account. Individual standard deviation on each
parameter is estimated from the covariance matrix computed after the inversion. These standard deviations are given as lower bounds since,
due to configuration limitations, only a narrow range of backazimuths and take-off angles are sampled, which can contribute to low standard
deviations on path and site terms. However, the large amount of data and the information redundancy also explains the low correlations and
standard deviations on the parameters.

For the largest earthquakes, we had to use an a priori constraint. Indeed, the simultaneous analysis of small and relatively large
earthquakes imposes the use of a common frequency range with signal-to-noise ratio greater than 3. Due to the scarcity of large events in the
data set, the minimum frequency with enough data points for the simultaneous inversion is 0.5 Hz, which is likely above the corner frequency
for the largest events. Then, inverting for both moment magnitude and corner frequency for those events is either not possible or would result
in a large bias. To overcome this problem, we fixed moment magnitudes for these events using the one given by the Harvard CMT catalogue.

The attenuation properties show different patterns when one considers paths towards Guadeloupe or towards Martinique. The longer
path towards Martinique are going deeper into the crust and thus are crossing less-attenuating material leading to higher Q-values for these
paths. This is consistent with the usual observation of Q-values increasing with depth (Edwards et al. 2008). The geometrical spreading we
determined is 1/R1.06. Castro et al. (2003) analysed 33 events in Guadeloupe and surrounding area and found two different Q models for
shallow and deep events [Q(f ) = 116.8 × f 0.43 and Q(f ) = 36.3 × f 0.96, respectively], associated with two different geometrical spreading
models (1/R0.98× f 0.26

and 1/R0.8). Motazedian & Atkinson (2005) analysed around 300 earthquakes that occurred around Puerto Rico island,
located about 400 km to Northwest and in a similar context as Guadeloupe (backarc of the Caribbean subduction), and found Q(f ) = 359 ×
f 0.59 associated with a segmented geometrical spreading: 1/R for R < 75 km, 1/R0.5 for R > 100 km and no geometrical attenuation between
75 and 100 km. All these models are compared in Fig. 14 . Castro et al.’s (2003) model for shallow events predicts a very rapid decay, faster
than the results from this study, but their analysis is based on a limited data set. Castro et al. (2003) also found that attenuation for shallow and
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1638 S. Drouet, M.-P. Bouin and F. Cotton

Figure 12. Top: Intraevent residuals against frequency, moment magnitude, hypocentral distance and Brune’s stress drop for the three hypothesis on stress
drops. Bottom: Interevent residuals against frequency, moment magnitude and Brune’s stress drop again for the three hypothesis on stress drops.

deep events are significantly different, while Motazedian & Atkinson (2005) did not. For frequencies lower than 1 Hz and distances lower than
100 km, the models are similar, but at larger frequencies, they start to differ significantly. It seems that shallow events attenuate faster than
deep ones. It is not clear however, whether regional differences are observed or not, since the two models for shallow events in Guadeloupe
are very different although predicting a fast decay, and since the model for Puerto Rico is based on both shallow and deep events.

The inverted moment magnitudes are compared to the duration magnitudes routinely computed by the ‘Observatoire Volcanologique et
Sismologique de Guadeloupe’. This comparison shows a correlation with slope close to 1 between the two magnitude scales but the duration
magnitudes are underestimated compared to the moment magnitudes by about 0.5 magnitude units. Drouet et al. (2010) found for the French
metropolitan area that moment magnitudes are lower than routinely computed local magnitudes. These results have deep implications for
seismic hazard assessment. Indeed, Fig. 15 shows the comparison between Mw and Md found in this study and between Mw and ML from
Drouet et al. (2010) for the French Metropolitan area. Until now, seismic hazard in France is computed using the assumption Mw = Md for
Guadeloupe and Mw = ML for metropolitan area.

From the moment magnitudes and corner frequencies stress drops were estimated. Our results show an increase of stress drop with
magnitude. The rate of increase depends also on magnitude with a larger increase at low magnitudes and a flattening at high magnitudes,
which could suggest that earthquakes with magnitude greater than 6–6.5 have an almost constant stress drop. The same observation is made
from apparent stress analysis which is, however, not a completely independent measure, since the same site and attenuation corrections are
used. Interestingly, Courboulex et al. (2010) used the empirical Green’s function method to simulate ground motion using a small set of
the events analysed in this study. These simulations required an estimate of the stress drop ratio between the small event (empirical Green’s
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Ground motion model for French West Indies 1639

Figure 13. Residuals against the angle between the strike of the fault and the source-to-station direction for the largest events for which a fault orientation is
given in the Harvard CMT catalogue or in Courboulex et al. (2010).

function) and the larger one. The authors estimate this ratio in the range 3–30 with the magnitude of the small events varying between 4.0 and
5.2. Our analysis gives a ratio between 0.8 and 170 for the entire data set and between 0.85 and 15 for events with magnitudes greater than
4. In this study, we mainly analysed aftershocks of the main ‘Les Saintes’ Mw = 6.3 event. Consequently, one can argue that the observed
scaling of stress drop is due to low stress drops of aftershocks. However, Drouet et al. (2010) using the same methodology as in this paper
with independent events that occurred in France metropolitan area, also found an increasing stress drop with magnitude.

This increasing stress drop with magnitude could explain part of the scaling observed in the GMPEs. However, as shown in Fig. 16,
stress drops seem to depend also on depth of the earthquake which is estimated with an error of the order of 1–2 km in the studied area.

Mai et al. (2005) have shown that rupture nucleates in the deep part of the fault and that this hypocentral depth depends on earthquake size.
Assuming an increasing stress with depth, one should observe an apparent magnitude dependence of stress drop. The variability in stress
drops may also result from different rupture mechanisms for small and large events (Brodsky & Kanamori 2001; Ben-Zion & Zhu 2002) or
from various fault maturities (Radiguet et al. 2009).
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1640 S. Drouet, M.-P. Bouin and F. Cotton

Figure 14. Attenuation models, including both anelastic and geometric attenuation, versus frequency for different distances (top panels), and versus distance
for different frequencies (bottom panels). Models for Guadeloupe (red) and Martinique (blue) from this study are shown, as well as the model for Puerto Rico
from Motazedian & Atkinson (2005) (cyan), and the model for Guadeloupe from Castro et al. (2003) for events with depth lower than 34 km (green) and for
events with depth greater than 72 km (light green).

Figure 15. Comparison of inverted Mw versus ML for French metropolitan area (red) and versus Md for Guadeloupe (blue). The black line shows the 1:1
relationship.

Inverted site transfer functions have very small standard deviations due to the large number of events recorded at each station. The
comparison with H /V ratios from noise recordings shows a good agreement in the resonance frequencies at each station. Moreover, site
classification of Douglas (2006) and the results of this work allow the identification of good rock reference sites.

We also determined a path-duration model for the same data, the total duration of ground motion being equal to the sum of the path-
duration plus the inverse of the corner frequency. Then, using all the inverted parameters and the path-duration model, we simulate response
spectra with the stochastic simulation tool SMSIM (Boore 2003). We used three Brune’s stress drop models [(1) inverted stress drops, (2)
modelled magnitude-dependent stress drops and (3) average stress drop] and the simulations were performed for the entire data set in each
case. Note that in the context of prediction of future ground motions, only the second and third models are useful. The standard deviations of
the residuals vary with frequency and range, for the second and third models, between 0.192 and 0.315 (in log10 unit) which are consistent
with standard deviations of usual GMPEs (Fig. 17 ). These results suggest that ground motions from small-to-moderate events are not more
variable than those from large events. This apparent magnitude dependence of variability observed in GMPEs (e.g. Youngs et al. 1995) results
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Ground motion model for French West Indies 1641

Figure 16. Inverted Brune’s stress drops against hypocentral depth (grey dots) and average values over 2 km depth bins (black squares) ± one standard
deviation.

Figure 17. Intra- and interevent standard deviation from Boore & Atkinson (2008) (dark grey), Akkar & Bommer (2010) (light grey) and this study (green:
constant stress drop model; red: regressed stress drop model; blue: inverted stress drop).

from greater uncertainty in moment magnitude estimation for smaller events (which is not the case in our study) and could also be a result of
an increasing stress drop with magnitude. Fig. 17 shows that the intraevent standard deviations obtained in this study are always lower than
those of usual GMPEs. This could be due to the homogeneity of the path analysed since all the events are localized in a small area (close to
the single-path assumption). The interevent term suggests that with a good description of the source in terms of moment magnitude but also
on its frequency content (i.e. stress drop), this term can be reduced.

We compare our model predictions with those from usual GMPEs, one derived for California (Boore & Atkinson 2008) and one for
Europe (Akkar & Bommer 2010). Additionally, a GMPE for PGA derived with data from Guadeloupe and surrounding area is also considered
(Beauducel et al. 2011). Models are computed for vs30 = 800 m s−1. In our case, we used the generic rock profile defined in Cotton et al.
(2006) after Boore & Joyner (1997) for vs30 = 800 m s−1, from which we compute site amplifications. Moreover, a high-frequency decay
κ = 0.03 s is used, consistent with vs30 = 800 m s−1 (Van Houtte et al. 2011). Predictions for Mw = 6.3 are compared with observations for
the main shock, and predictions for Mw = 5.0 and Mw = 4.0 are compared with all the data from earthquakes with Mw in the range 4.9–5.1
and 3.9–4.1, respectively. One has to note that the information on vS30 at the stations is not available and we used all the data as if all the
stations were located on rock sites. Our predictions are using the magnitude-dependent stress drop model (eq. 16). A factor of 2 is assumed to
represent stress drop variability. Note that the uncertainty of the other terms used in the stochastic simulations should be taken into account
to properly estimate the variability but we believe they are second order compared to stress drop variability. Fig. 18 compares the data and
the models. The two GMPEs Boore & Atkinson (2008) and Akkar & Bommer (2010) are unable to reproduce the steep decay with distance
that is observed from data for both the large and small events examples. One has to note that for Mw = 4.0, the GMPEs are used outside their
validity range. Our model reproduces the observed amplitudes for all the magnitudes and better captures the distance decay. However, it does
not include a near fault saturation term and should consequently not be used for distances less than 10 km.

Finally, our analysis shows that a directivity effect is observable in the data. We could only analyse the largest events in this case due
to the lack of focal mechanism determinations for the smaller events. Although directivity is more pronounced for the largest events, it is
still observed for some events with magnitude of about 4.5, and our results can help to identify the direction of propagation of the rupture
(Fig. 13).
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1642 S. Drouet, M.-P. Bouin and F. Cotton

Figure 18. Top panels: data of the Mw = 6.3 main shock for PGA (left), PSA at 0.3 s (middle) and PSA at 1.0 s (right) compared with predictions from
Boore & Atkinson (2008) (green), Akkar & Bommer (2010) (blue), Beauducel et al. (2011) (cyan) and our stochastic models for Guadeloupe (orange) and
Martinique (red). Grey data points are related to stations where directivity effects are observed. Middle and bottom panels: Same for Mw = 5.0 and 4.0. Note
that for Mw = 4.0, Boore & Atkinson (2008) and Akkar & Bommer (2010) are used outside their validity range.
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Table S1. Earthquakes analysed in this study. Date, localization and duration magnitude (Md) are from the OVSG. The recording distance
range is also indicated as well as the moment magnitudes, corner frequencies and stress drops determined in this study.
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