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Rapid directivity detection by azimuthal amplitude spectra inversion

Introduction

Tectonically driven shallow earthquake sources are generally explained by means of shear cracks occurring along a limited, almost planar region, we refer as the focal region. A point source representation is a common first approximation, which is valid when treating far-field low frequency seismic waveform, using wavelengths larger than the rupture size. Higher frequencies seismograms and spectra contain information which can be related to the finiteness of the rupture process and thus can be used to determine parameters describing the finite source. Size and shape of the rupture area, rupture velocity and preferential rupture directions, an effect known as rupture directivity, are some of the parameters which can be retrieved by the analysis of high-frequency waveforms. In particular, we are interested here in discussing the problem of early detection of rupture directivity, distinguishing between a prominent or partial unilateral rupture (a case which will be further referred as asymmetric bilateral rupture), and a deep focus earthquakes and was successfully applied to several events. The main limits of this class of methods are related to the fact that wave propagation and the superposition of different seismic phases are not accounted, since wave propagation effects between source and receiver (Green's functions) are limited to the estimation of the incidence angle of given seismic phases. Another possible limitation is the requirement of several stations with good azimuthal coverage in order to ensure reliable results. A second range of applications, which on the contrary accounts precisely for the effects of the earth's model on the observed waveforms, is based on empirical Green's functions technique [START_REF] Hartzell | Earthquake aftershocks as Green's functions[END_REF][START_REF] Li | Study of the source process of 1141 the 1992 Columbia Ms = 7.3 earthquake with the em-1142 pirical Green's function method[END_REF][START_REF] Velasco | Empirical green function deconvolution of broadband surface waves: Rupture directivity of the 1992 Landers, California (Mw = 7.3), earthquake[END_REF][START_REF] Cassidy | Rupture directivity and slip distribution for the Ms 6.8 earthquake of 6 April 1992, Offshore British Columbia: an application of the empirical Green's function method using surface waves[END_REF][START_REF] Müller | Source pulse enhancement by deconvolu-1157 tion of empirical Green's functions[END_REF][START_REF] Velasco | Rupture directivity of the 3 November 2002 denali fault earthquake determined from surface waves[END_REF][START_REF] Vallée | Rupture properties of the giant sumatra earthquake imaged by empirical Green's function analysis[END_REF]. In this case, an aftershock with common hypocenter and focal mechanism of the studied event can be used to remove path effects, and isolate finite source apparent durations at different stations. Evidently, the application of these techniques is strongly limited by the availability of a proper aftershock. [START_REF] Brüstle | Stopping phases in seismograms and the spatiotemporal extent of earthquakes[END_REF], and [START_REF] Imanishi | An inversion method to 1132 analyze rupture process of small earthquakes using 1133 stopping phases[END_REF] have investigated the adoption of master-event techniques to detect directivity: the identification of stopping phases [START_REF] Madariaga | High-frequency radiation from crack 1145 (stress drop) models of earthquake faulting[END_REF][START_REF] Madariaga | High-frequency radiation from dy-1148 namic earthquake fault models[END_REF][START_REF] Bernard | A new asymptotic method 1054 for the modelling of near-field accelerograms[END_REF][START_REF] Sokos | Quick assessment of the fault plane, for the recent strike-slip event in the North-Western Peloponnese, Greece, (8 June 2008, Mw 6.3. EMSC-CSEM Report[END_REF] at different stations was used there to determine the main direction of rupture propagation, besides other source properties. Stopping phases identification (Imanishi andTakeo 1998, 2002) typically requires a careful waveform analysis, which may be hardly implemented within automated routines. A third group of techniques are based on complete kinematic waveform inversion, with the aim of retrieving a most detailed image of the finite rupture process, not limited to the identification of directivity. The range of methods and applications is very wide, including higher order moment tensor analysis [START_REF] Dahm | Higher-degree moment tensor inversion using far-field broad-band recordings: theory and evaluation of the method with application to the 1994 Bolivia deep earthquake[END_REF][START_REF] Mcguire | Teleseismic in-1150 version for the second-degree moments of earthquake 1151 space-time distributions[END_REF][START_REF] Mcguire | Predominance of 1154 unilateral rupture for a global catalog of large earth-1155 quakes[END_REF], detailed slip map approaches (e.g. [START_REF] Olson | Finite faults and inverse theory 1166 with applications to the 1979 Imperial Valley earth-1167 quake[END_REF][START_REF] Hartzell | Strong-motion mod-1120 elling of the Imperial Valley earthquake of 1979[END_REF][START_REF] Hartzell | Inversion of strong ground 1116 motion and teleseismic waveform data for the fault 1117 rupture history of the 1979 Imperial Valley, California, 1118 earthquake[END_REF][START_REF] Beroza | Linearized inversion for fault rupture behaviour: application to the 1984 Morgan Hill, California, earthquake[END_REF], and inversion methods adopting constrained and simplified kinematic models [START_REF] Dreger | Seismic remote sensing for the earthquake source process and near-source strong shaking: a case study of the October 16, 1999 Hector mine earthquake[END_REF][START_REF] Vallée | Imaging coseismic rupture in the far field by slip patches[END_REF][START_REF] Gallovic | From earthquake centroid to spatial-temporal rupture evolution: Mw 6.3 Movri Mountain earthquake[END_REF][START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF] [START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF] showed successful applications to shallow earthquake at regional distances, and was able to derive both point source (best double couple, DC, model, scalar moment and centroid depth) and extended source (fault plane discrimination, rupture size, rupture time, rupture nucleation) parameters.

The first inversion step follows the approach described in [START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF], to obtain the focal mechanism, scalar moment and centroid depth:

1. Focal mechanism. We invert amplitude spectra of full waveforms, according to [START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF], to derive a point source focal mechanism (DC, depth and scalar moment); the source epicentral location is assumed to be originally known.

2. Polarities. The focal mechanism presents a polarity ambiguity, which can be solved by comparing observed displacements and synthetic seismograms for the two possible polarity configurations; however, the detection of the true polarity is here not strictly required, as the whole inversion process is carried out in the frequency domain, and only amplitude spectra are involved in the fitting procedure.

The source representation through the Kiwi tools allows the adoption of different rise times. For a spatially extended source model, where the rupture region is discretised into a number of spatial point sources, the rise time represent the time during which each point source radiates seismic energy. The duration of the whole rupture process is related to rise and rupture times. If we adopt a point source representation, the rise time will represent the duration of the source time function. This parameter was used in [START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF] to have a first, rough, estimate of rupture times and to choose a proper rise time during kinematic source modelling. We proceed here differently: instead of determining true duration of the rupture process, we investigate apparent durations as seen by individual stations.

In detail, during the second inversion step, we proceed as follows (Fig. 1 illustrates an example of the main steps, relative to selected seismic [START_REF] Haskell | Total energy and energy spectral den-1123 sity of elastic wave radiation from propagating faults[END_REF], the 322 effects of directivity can be treated analytically. A 323 unilateral rupture along a horizontal linear source 324 will produce theoretical P-wave pulses of shorter 325 duration for stations located toward the rupture 326 propagation, and larger duration for stations in 327 the opposite direction. Bilateral ruptures result 328 in a minor azimuthal variation of the apparent 329 source time function. A range of asymmetrically 330 bilateral rupture models exists in between. Effects 331 of oblique and vertical rupture propagations may 332 also be modelled but are more difficult to reveal 333 [START_REF] Beck | Directivity 1046 analysis of the deep Bolivian earthquake of June 9, 1047 1994[END_REF] and have been more rarely 334 observed (e.g. [START_REF] Eshghi | Reconnaisance report on 26 December 2003 Bam earthquake[END_REF]Nadim et al. 335 2004). will be given by: 361
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t (ϕ) = t r + L v R - L v P cos (ϕ) . ( 1a 
)
In view of a more general formulation, also ac-362 counting for asymmetric and pure bilateral rup-363 ture, the rupture length L is divided into two 364 segments L 1 and L 2 , with the following expression 365 for the apparent source duration Δt(ϕ):

366 t (ϕ) = Max t r + L 1 v R -L 1 v P cos (ϕ) , t r + L 2 v R + L 2 v P cos (ϕ) (1b)
We can then introduce the following non- 

τ (ϕ) = Max t r / R + 1 -v R / P cos (ϕ) , t r / R + L 2 L 1 + L 2 L 1 cos(ϕ) . (2)
The radiation pattern for three significant cases Symmetries of apparent duration radiation patterns can be observed, with a one lobe shape for a pure unilateral rupture and a two lobe shape for a pure bilateral one. The theoretical curve of the apparent rupture duration (Fig. 2, right) for the unilateral case range from t r + t Rt P (azimuth of rupture direction) to t r + t R + t P (opposite direction); its average value is equal to t r + t R (for a unilateral rupture model t R and t P are the rupture time and P wave travel time along the entire rupture length). For the pure bilateral rupture, the apparent duration varies between t r + t R (perpendicular to rupture direction) to t r + t R + t P (parallel to rupture direction), with t R and t P referring here to half of the rupture length. The larger variation of the apparent duration for the unilateral case, with respect to the bilateral, explains the major difficulties in observing directivity for the second case. Less known is the behaviour of asymmetric bilateral ruptures, although this model is the most general. In this case the radiation pattern (Fig. 2, bottom) present a deformed onelobe shape, with the minimum observed apparent rupture duration at about 45 • from the rupture direction of the largest rupture length. The azimuth α, where a cusp-like minimum in the apparent duration may be observed, can be obtained by equalizing the two right terms in Eq. 2:

α = a cos (1 -2χ) v R / P . ( 3 
)
Since v R pertains to [0, v P ], it follows that for a pure unilateral rupture (χ = 0) we have a single minimum in direction of rupture propagation, while cusp-like minima are not observed. For a pure bilateral rupture (χ = 0.5), α = ±π/2 always. For the intermediate case of asymmetric bilateral ruptures (0 < χ < 0.5), two cusp-like minima are observed if the following condition is met:

χ > 1/v R / P 2 . ( 4 
)
This means that the observation of two minima in the apparent duration curve indicate a dominant bilateral rupture processes. (2006), which accounted for take off angles and 447 required a dense station distribution both in terms of azimuthal coverage and range of epicentral distances. We discuss here the problem for the case of unilateral rupture. A first observation is that even for the same source-receiver configuration, different rays travelling along different paths, with different take-off angles, will present different directivity effects. For any considered bodywave with take-off angle θ, we predict theoretically a minor variability of the apparent duration with respect to the one modelled for a planar case. For example, the maximal apparent duration, at the azimuth opposite to the direction of the rupture propagation, will be equal to t r + t R + t P cos(θ ), which differs from Eq. 1a. Additionally, we have the superposition of different P wave arrivals, with
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different take-off angles. In any case, the interpretation of the maximal apparent duration following Eq. 1a and neglecting take-off angles and rise time effects will lead to an overestimation of the terms t R and t P and consequently an overestimation of the rupture length. The value derived in such approximation can be safely considered as an upper bound to the real rupture length.

Our approach here is to model only the azimuthal variation of directivity effects. The approximation is limited by different conditions.

First, we will focus on shallow earthquakes and use only regional distances seismograms (epicentral distances in the range 200-1,000 km), basing our inversion on the fit of time windows centred at the first P wave arrivals. Additionally, we will consider only the case of horizontal to sub-horizontal ruptures (rupture propagating along direction dipping at most 20 • ). In these circumstances, we will show that the main rupture propagation can be detected even with the approximated approach here described. The interpretation of additional rupture parameters is strongly limited by neglecting take-off angles and rise time effects, and the derived rupture length should be considered as an upper bound to its real value.

On the base of the previous discussion, we can now explain the last step of the inversion approach, where the distribution of apparent source time durations is interpreted in terms of simplified rupture models:

1. Point source model. If we assume a spatial point source model, with a given source time function of duration t r , the curve of apparent duration will be a straight line, with no azimuthal dependence. This is the particular case, which can also be described by the previous equations, with L = 0, which leads to t R = t P = 0. The model has a unique unknown, t r (by definition, rise time), which represents the apparent rupture time everywhere.

2. Pure/predominant unilateral rupture. In this case, the azimuthal distribution of apparent durations is expected to follow a sinusoidal behaviour. The fit is expected to be larger in case of a pure unilateral rupture, but the model can still well reproduce data also for asymmetric bilateral ruptures. In both cases, the minimum of the curve will indicate the main rupture 512 direction (ϕ 0 ). The model is represented by 513 the curve of the apparent duration Δt(ϕ):

514 t (ϕ) = -A cos (ϕ -ϕ 0 ) + B (5)
with A and B positive, describing in first approx-515 imation the travel time of P waves along the rup-516 ture length (t P ) and the sum of rise and rupture 517 times (t r + t R ).

518 3. Pure bilateral rupture. In case of a pure bilat-519 eral rupture, we will use the following curve, 520 instead: been here specifically modified in order to include the retrieval of the apparent rupture time at each station. In the synthetic tests, a dense grid of 154 stations is considered, in order to plot apparent duration contours. Stations location accomplish to the chosen conditions in terms of epicentral distances.

521 t (ϕ) = A |cos (ϕ -ϕ 0 )| + B. ( 6 
Three line source mechanisms (strike-slip (SS) strike ϕ = 30, dip δ = 90, rake λ = 0; normal fault (NF) ϕ = 30, δ = 45, λ = 90; thrust fault (TF) ϕ = 30, δ = 20, λ = -90) and three rupturing models (pure unilateral, asymmetric bilateral, pure bilateral) are considered at first, thus providing a set of nine source models. Ruptures propagate horizontally for the strike-slip and normal fault, in direction NNE-SSW, and toward ESE along the low-angle dipping plane, for the thrust fault. The source model centroid is always located at a depth of 20 km, the source length is 30 km, rupture velocity is 3.5 km/s. Pure unilateral ruptures start at the southern (SS, NF) or western (TF) edge. The same main rupture direction is used for asymmetric bilateral ruptures, the two ruptured segments having lengths L 1 = 22.5 and L 2 = 7.5 km. Rise time is fixed to 2 s in all cases. The inversion is carried out using 40 s time windows, starting 10 s before the theoretical arrival of P phases. A frequency bandpass, between 0.01 and 0.5 Hz, is used to filter Green's functions and data. Inversion results are shown in Fig. 3. Coloured surface, representing the inverted apparent source duration, highlight the radiation patterns of apparent duration. The azimuthal distribution of apparent duration clearly shows directivity effect and its minor dependence on epicentral distance using our approach and proof that a good quality fit can be achieved using the simplified azimuthal dependent curves. In particular, the fit of the cosine curve described by Eq. 5 can be used to detect unilateral or asymmetric bilateral ruptures, while the curve from Eq. 6 to detect pure bilateral ruptures. Rupture directivity is correctly detected in all cases, with the exception of the bilateral rupture along the low-dipping angle plane of the thrust mechanism (Fig. 3, bottom right), where unilateral rupture is incorrectly estimated. The reason for this discrepancy can be described as follows. Since the extended source is not horizontal, the segment toward ESE and WNW are located below Given the successful application to line sources, 659 we simulate now more realistic rupture processes, 660 generating synthetic seismograms for the eikonal 661 source model [START_REF] Heimann | A robust method to estimate kinematic 1126 earthquake source parameters[END_REF][START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF]. 662 We use here circular faults, with rupture propagat-663 ing with a variable velocity, scaling by a coefficient 664 0.9 with shear wave velocity in the crustal model. 665 Given the adoption of the PREM model, the 666 source depth and its extension, rupture velocity 667 Fig. 4 Inversion results for circular eikonal sources. For each of the nine considered source models, we show colour plots representing the inverted apparent duration around the epicentre (red to blue scale represents increasingly longer apparent durations). Graphics below each coloured plot represent the apparent duration versus azimuth (dots) and the best fitting model (red curves). We use the same symbol convention as in Fig. 3 Unilateral range between 2.9 and 4.0 km/s. Inversion is carried out using the same approach and parameters as for the previous test and results summarized in version approach results more critical, and where 718 a careful discussion of results is suggested. In gen-719 eral, horizontal ruptures and pure or partially uni-720 lateral ruptures are more easily detected, whereas 721 pure bilateral sources and rupture propagating 722 along dipping directions may be more problematic 723 to resolve. Aftershocks [START_REF] Sokos | Quick assessment of the fault plane, for the recent strike-slip event in the North-Western Peloponnese, Greece, (8 June 2008, Mw 6.3. EMSC-CSEM Report[END_REF][START_REF] Gallovic | From earthquake centroid to spatial-temporal rupture evolution: Mw 6.3 Movri Mountain earthquake[END_REF]Cesca et al. 2009 (2010). This last value might be overestimated, as the adopted full waveform kinematic inversion may in some cases be affected by a trade-off be- 

Conclusions

We propose here a new method for a quick detection of directivity effects for shallow earthquakes at regional distances. Among the most important features of the method, we highlight here the 968 following ones: 969

• Rapid inversion 970

The assumption of spatial point source allows 971 an extremely rapid generation of synthetic seis-972 mograms and point source parameters inversion, 973 thus offering a tool to early detect directivity; to 974 quantify such improvement, on a standard single 975 processor PC the inversion of directivity is here 976 carried out within a minute, about 20 times faster 977 than the full kinematic inversion for the same 978 event, using the approach described in Cesca et al. 979 (2010).

980

• Coherent inversion 981

The use of the Kiwi tools for data processing 982 and inversions improves significantly the consis-983 tency of our methodology: for example, the same 984 dataset and the same inversion tools can be used 985 to first derive the focal mechanism, then the scalar 986 moment and finally the apparent duration; we 987 believe this consistency between data used for 988 different inversions significantly improve the co-989 herency of the inversion approach.

990

• Accounting for wave propagation 991

The method is based on amplitude spectra inver-992 sion, using theoretical Green's functions for the 993 chosen earth model. In this way, we account for 994 wave propagation effect, an improvement with 995 respect to standard methods based on pulse length 996 estimations.

997

• No requirements of specific aftershocks 998 Avoiding the use of empirical Green's function, 999 the method is not limited by the existence of 1000 a proper aftershock, nor need to wait for its 1001 occurrence.

1002

• Automation 1003

The adoption of the Kiwi tools and the simplicity 1004 of the inversion approach made possible the im-1005 plementation of the method as automated routine. 1006

In this manuscript we have demonstrated the 1007 method performance, both with a range of syn-1008 thetic tests and with observed data for different 1009
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  fault plane on the base of spatial 164 offsets between epicentre and centroid locations. 165 However, the method has been currently applied 166 only to a limited number of earthquakes, with 167 variable results, and the determination of directiv-168 ity may be beyond its possibilities, for example for /kinherd.org), which provide a flexible in-193 strument to generate synthetic seismograms for 194 point and extended sources and to invert different 195 earthquake source parameters, allowing the se-196 lection of different waveform tapers, frequency filters, inversion domains and misfit functions.

  367 dimensional variables: τ (ϕ) is the ratio between 368 the apparent source duration Δt(ϕ) and the rup-369 ture time t R , t r/R is the ratio between rise and 370 rupture time, v R/P is the ratio between rupture 371 velocity and P wave velocity at the source; L 1 and 372 L 2 (L 1 ≥ L 2 ) are expressed as (1-χ)L and χL, 373 respectively, χ being the ratio between the short-374 est segment and the entire rupture length (χ may 375 range from 0, for a pure unilateral rupture, to 0.5, 376 for a pure bilateral one). The azimuthal depen-377 dency of τ (ϕ), making use of the non-dimensional 378 notation is the following (t r/R can be in general 379 neglected): 380

  shown in Fig. 2, where we have chosen 383 v R/P = 0.5 (v R/P equal to 0.25 and 1.0 for the slow 384 and fast cases respectively), χ is equal to 0, 1/3 385 and 1/2 for the three considered cases. We choose 386 different rupture lengths L, in order to have a 387 constant length of the largest rupture segment.388

Figure 2 Fig. 2

 22 Figure2additionally shows how larger variations in the apparent duration estimations are found, when increasing the rupture velocity (in the figure, effects for an extreme case of v R =

Fig. 3

 3 Fig. 3 Inversion results for linear sources. We consider three focal mechanisms (strike-slip, top; normal fault, centre; thrust fault, bottom) and three rupture processes (pure unilateral, left; asymmetric bilateral, centre; pure bilateral, right). For each case, we show colour plots representing the inverted apparent duration at a dense grid of station around the epicentre (red to blue scale represents increasingly longer apparent durations). The focal mechanisms are shown at the epicentral location, together with white arrows describing rupture directions (arrow

  658

Fig. 4 .

 4 Fig. 4. The main characteristics of the azimuthal patterns of the apparent rupture duration are preserved. Directivity effects can be detected and modelled for all pure unilateral and asymmetric bilateral ruptures, although the fit quality results in some cases significantly poorer than for line source cases. The adoption of bi-dimensional ruptures, and specifically the inclusion of sources at different depths, slightly modifies the apparent duration pattern, as can be seen by the comparison of plots in Figs. 3 and 4 relative to normal fault mechanism. The modification of the apparent rupture radiation pattern has similar causes than those described for linear sources. Additionally, it is here also depending on the variable rupture velocity (which, according to the crustal model, is faster for deeper sources than for shallower ones). These effects result critical for the inversion of a bilateral rupture for the case of a thrust fault mechanism, which is erroneously interpreted as unilateral (with a rupture propagation in dip direction). On the other hand, the discrimination between pure and asymmetric bilateral rupture is not always possible; the observation of the characteristic lobe associated to the asymmetric bilateral rupture may indicate such a rupture process, but could not be sufficient, alone, to distinguish this case to a pure unilateral rupture. A variation of the scalar moment will lead to a scaling of synthetic seismograms and modify their amplitude spectra. As a consequence, the inversion of apparent durations may lead to slightly different results. In order to investigate these effects, we have perturbed the scalar moments used for synthetic tests, and analyse inversion results. While the uni-or bilateral mode of the rupture and the main rupture direction are not influenced by a variation of the scalar moment and are always correctly retrieved, the rupture time and the following estimation of rupture lengths suffer slight changes. A perturbation of 10% of the correct scalar moment always led to uncertainties below 5% in terms of rupture time and rupture length. Synthetic tests suggest the implementation of the method here proposed towards a rapid detection of directivity effects. Additionally,

  slip patch, with a rupture length 777 of about 20 km and a rupture velocity of about 778 3 km/s. Cesca et al. (2010), based on amplitude 779 spectra inversion of full waveform and assuming 780an eikonal source model, detected an asymmetric rupture propagation, with a predominance of rupture propagation towards NNE; the rupture length was estimated 40 km, while the average rupture velocity was fixed to about 3.2 km/s. The consistency of these results (see Fig.5bottom), obtained with different methods and datasets, offer a serious reference to our study in terms of fault plane identification and rupture directivity.In our inversion, we assume the epicentral location provided on the EMSC-CSEM webpage and the focal mechanism determined by[START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF], which is based on the fit of full waveform amplitude spectra. We observed that a new estimation of the scalar moment, based on the fit of P wave spectra only, would present minor variation with respect to the assumed value (5.97e18 instead of 6.07e18 Nm). Then, we invert

  duration at each station separately and plot resulting values in function of station azimuth (Fig. 5), according to the discussed methodology. As a first approximation, we try to fit apparent durations by means of pure unilateral and pure bilateral rupture models, assuming both fault planes. Since fault planes are almost vertical, only horizontal directions of the rupture velocity along these planes are considered. The unilateral rupture model with rupture propagation towards NNE provide a very good fit to the apparent duration data, and is preferred to remaining models on the base of the F test. This result provides a clear indication for a rupture propagating towards NNE, and thus can be used to discriminate the true fault plane (NNE-SSW) from the auxiliary one (WNW-ESE). Based on the good fit, we try to refine our solution by investigating asymmetric bilateral ruptures. Results provide an even more convincing fit (Fig. 5, bottom right), when an asymmetric bilateral source model with rupture propagating mostly Northward is assumed, as the curve account for the two symmetric minima at about -21.5 and 82.5 • and the internal characteristic lobe of asymmetric rupture (see Fig. 2, bottom). On the other side, this result is in very good agreement with published models discussed before. According to the previous discussion for a simplified bidimensional case, the maxima of the two cosine curves associated to the rupturing of two segments of the fault are equal to t P + t R + t r , where these terms refer to the P wave propagation, rupture and rise time related to each segment. The maxima of the apparent duration curve are equal to 8.9 s (segment L 1 toward NNE) and 2.7 s (segment L 2 toward SSW). Assuming an average P wave velocity of 8 km/s (consistent with the used velocity model at the hypocentral depth), a rupture velocity of 3 km/s (consistent with Gallovic et al. 2009), and considering the rise time negligible with respect to rupture time, we obtain rupture lengths of about 19 and 6 km. The total length of about 25 km for the main patch is in general agreement with most of published results. We observe a discrepancy with the rupture size of about 40 km determined in Cesca et al.

  , indicating a rupture mostly propagating towards ENE, thus along the WSW-ENE fault plane. The differentiation between pure or partial unilateral rupture may be here rewarded as beneath the limit of a safe data interpretation, but we observed how the general result is in well agreement with previous results by[START_REF] Cesca | Automated procedure for point and kinematic source inversion at regional distances[END_REF], where the source model was derived by the fit of high-frequency (up to 0.1 Hz) amplitude spectra from the whole waveforms. Finally, we investigate effects of the assumption of imprecise point source parameters on the estimation of rupture directivity. The effects of anomalous source depth estimation are studied for the February 20th aftershock, as different Institutions have provided a range of different values ranging from 8 to 25 km. We repeated the inversion using a different point source solution (strike 249 • , dip 88 • , rake -12 • , depth 12 km), as provided by the INGV European-Mediterranean RCMT Catalog; this focal mechanism is similar to our solution and major differences concern centroid depth, which is now shallower. Directivity inversion remains very stable, showing a consistent identification of unilateral rupture direction toward SE, and indicates that a source depth variation of about 10km does not result in any significant variation in the radiation pattern of apparent duration. In a similar way, we tested slightly different focal mechanisms for both earthquakes of February 14th: even if our focal mechanisms are in relatively good agreement with other published solutions, some difference can be observed. For example, the INGV-RCMT catalogue indicates strike angles of 333 • and 298 • , for these earthquakes, which differ from our solution (347 • and 341 • respectively). Even in this case, after adopting the source parameters provided by INGV-RCMT, the inversion results are stable, with the detection of main rupture directions pointing towards SE-ESE.

Synthetic tests for linear and planar sources

  ) 4. Comparison of directivity models. Since 522 Eqs. 5 and 6 are dependent on three unknown 523 parameters, while the standard average rup-524 ture time has only one (the average earth-525 quake duration or duration of the common 526 source time function), they will always pro-527 vide a better fit with respect to the common 528 rupture duration model. An F test can than 529 be used to evaluate the misfit improvement 530 versus the increase of degrees of freedom. F 531 values above 0.5 will be used here to prefer 532 unilateral or bilateral models with respect to 533 the point source solution. The modelling of 534 asymmetric bilateral rupture requires more 535 free parameters, being the superposition of 536 two functions as in Eq. 5. Chances for the im-537 plementation of such a model are highly lim-538 ited by several factors, including data quality, 539 focal mechanism, epicentral azimuthal cover-540 age and local structural heterogeneities. We 541 suggest here the adoption of this model only 542for specific cases rather than its implementa-543 tion within the automated processing.
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	555	(e.g., as in Cesca et al. 2010), by limiting the	
	556	range of rupture times and/or spatial extension	
	557	to be tested. A last important advantage resides	
	558	in the coherency of the inversion approach: we	
	559	use the same tools and the same data to derive	
	560	first the focal mechanism (or moment tensor) and	
	561	to detect directivity effects, instead of relying on	
	562	an externally calculated focal mechanism solution,	
	563	which may be biased by a specific selection of	
	564	stations, earth model, and processing routines. An	
	565	important limitation of the method applicability	
	566 567 568 569 570 571 572	is represented by a specific range of earthquake magnitudes. For small earthquakes, with the rup-ture process occurring in less than 2 s, the vari-ation of the apparent rupture duration could be only detected by fitting high frequency spectra (up to 0.5 Hz or above), which requires a detailed knowledge of the crustal structure, and possibly	F O P R O
	573 574 575 576 577 578 579 580 581 582 584 585	the adoption of 3D earth models. On the opposite side, large earthquakes may present more com-plex rupture processes, with different slip patches or asperities, breaking at different times. Large T E D earthquakes also present significant discrepancies between hypocentral and centroid locations. Both effects are not considered in our model and can E C then lead to erroneous interpretations. As a rule R of thumb, we believe that earthquakes with mag-nitudes in a range Mw 5.5-7.0 may be the best R suited for a successful application. O C N U Before applying the method to real data, and in
	586	order to assess the method performance, we carry	
	587	out a set of inversions using synthetic datasets.	
	588	We generate synthetic seismograms first for lin-	
	589 590	ear sources and consequently to planar ones. Considered source models present different sig-	544
	591	nificant focal mechanisms and directions of rup-	The major advantages of the presented approach 545
	592	ture propagation. Both synthetics for linear and	are that only point source synthetic seismograms 546
	593	planar sources are generated using the Kiwi tools	are used, so that forward modelling and inversion 547
	594	(http://kinherd.org; Heimann 2010), assuming the	are fast. A second advantage lies in the intrinsic 548
	595	PREM model (Dziewonski and Anderson 1981).	simplicity of this approach, which provides simple 549
	596	The inversion is then carried out as described in	plots of easy interpretation and suggest its imple-550
		the previous paragraph, assuming a spatial point	mentation for automated routines. In the worse 551
			case, if no clear pattern is detected, the retrieved 552
			information can still be used to better focus a 553
			more detailed full waveform kinematic inversion 554

583 3 597 source. Focal mechanisms, scalar moment and 598 depth are retrieved at a first stage, by using the 599 method described in Cesca et al. (2010), which has 600

  tween different source parameters. The observed 848 discrepancy may also indicate a different response 849 of the two approaches to the rupture process and 850 energy emission, with the full waveform inver-851 sion detecting the largest rupture length, and the 852 directivity inversion identifying the main rupture 853 patch. The upper limit value we found here is 854 slightly larger than the length estimated by stan-855 dard empirical relations (according toWells and 856 Coppersmith 1994, the average rupture length for 857 a Mw 6.4 is about 14 km). We remark that the 858 interpretation of inversion results to this extent 859 should be carried out only in best conditions, 860 where the fitting of the apparent duration curve 861 is good enough to further interpret it. February 14th show a major 909 spreading and are worse fitted by the simplified 910 cosine function we associated to pure unilateral 911 ruptures. A better fit, and minor spreading, is 912 observed for the main event, with respect to its 913 aftershock. However, for both two earthquakes, a 914 general trend can be detected, indicating a mini-915 mum of the cosine curve for an azimuth of about 916 135 • , which suggests a main direction of the rup-917 ture propagation towards SE. These results are 918 unable by themselves to provide further informa-919 tions about the true fault plane, as they may be 920 modelled either assuming the low-angle and the 921 steep dipping plane. A better fit is obtained for the 922 February 20th earthquake: clear directivity effect 923
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	894	planes dipping toward NW were preferred, but the
	895	inversion results were not completely satisfacto-
	896	rily. Roumelioti et al. (2009) adopted an empirical
	897	Green's functions approach, using the Mw 6.2
	898	aftershock to model the finite fault of the largest
	899	earthquake; their results support the identification
	900	of the low angle dipping plane as well as directivity
	901	towards SSW. Finally, the identification of low
	902	dip angle rupture planes in this region for thrust
	903	earthquakes would agree with local tectonics, as-
	904	sociating the earthquake occurrence to oceanic
		862 863 864 A seismic sequence struck the region offshore 865 5 The SW Peloponnese 14-20.2.2008 seismic sequence F O P R O SW Peloponnese, Greece, in the days following 866 February 14th, 2008, with three major earth-867 quakes occurring within a week. On February 868 14th, a first Mw 6.8 (magnitude estimated by 869 EMSC-CSEM and Cesca et al. 2010) event struck 870 the region at 10:09 UTC. Two hours later, at 871 12:08, UTC, a Mw 6.2 aftershock occurred. Fi-872 nally, on February 20th (18:27 UTC), a Mw 6.2 873 event took place. Focal mechanisms (EMSC-874 CSEM webpage) indicate thrust faulting for the 875 first two events, while the last one has a different, 876 strike-slip mechanism, with fault planes striking 877 ENE and NNW. Source depths, according to 878 respectively, for the three earthquakes. Whereas 880 EMSC-CSEM catalogue, were 30, 20 and 25 km, 879 T E D E C R R O subduction (Underhill 1999). Fig. 6 Inversion results directions retrieved rupture triangles indicate the U N for the February 14th, 2008, Mw 6.8 (top), the February 14th, 2008, Mw 6.2 (centre) and the February 20th, 2005, Mw 6.2 (bottom) earthquakes, offshore SW Peloponnese. For each earthquake, coloured dots represent the inverted apparent duration at the stations used, according to the colour scale given for each case; the azimuthal distribution of C apparent durations (right) may be fitted assuming unilateral ruptures (thick black lines). Inverted Latitude N
			different institutions (e.g. NOA, AUTH, Uni-881
			versity of Patras UPSL, INGV-RCMT, USGS, 882 SW Peloponnese, 20.02.08, 18:27, Mw 6.2
			CMT) provided point source solutions for these 883
			events, few trials has been carried out so far to 884
		Latitude N	interpret rupture kinematics (Roumelioti et al. 885 2009; Cesca et al. 2010). A strongly uneven sta-886 tion distribution and large epicentral gaps toward 887 SW have possibly limited source modelling until 888 now. Based on full waveform inversion, Cesca 889 et al. (2010) identified the ENE-WSW plane for 890 the strike-slip earthquake of February 20th, and 891 Apparent duration [s]
		a partial unilateral rupture towards the coast was 892 found. For the first two earthquakes, the low angle 893 Longitude E Azimuth [deg]

905 Figure 6 summarizes our inversion results. 906 Differently from the application to the Andravida 907 earthquake, apparent durations for the earth-908 quakes occurring on SW Pelponnese 14.02.08, 10:09, Mw 6.8 Latitude N SW Peloponnese, 14.02.08, 12:08, Mw 6.2

We originally focus on the two-dimensional

problem, with source and observer laying on the

same plane. Let us assume a horizontal linear

source model of length L, with the rupture starting

at one edge(A) and propagating unilaterally till

the other edge (B). The rupture time t R is the time

required for the rupture front to propagate along

the entire rupture length, from A to B, at a rupture

velocity v R , which is assumed to be constant. The

rise time t r , defined as the duration of seismic

source emission from a point along the source, is

here assumed to be constant, according to healing

front theory[START_REF] Nielsen | On the self-healing fracture 1164 mode[END_REF]