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ABSTRACT 

The Koutavos-Argostoli area is a relatively small-size shallow sedimentary basin, situated in the 

Cephalonia Island (Western Greece) where the seismic activity is high and dominated by the 

Cephalonia transform fault.  As part of the temporary seismological experiment, which took place at 

Argostoli basin within the FP7 EU-NERA (Network of European Research Infrastructures for 

Earthquake Risk Assessment and Mitigation) 2010-2014 project, a dense array consisting of 21 

velocimetric stations, with aperture ranging from 10 to 160 m, was deployed close to the centre of the 

basin. The array was operational from mid-September 2011 to mid-April 2012. This article 

summarises some of the preliminary results obtained from the array analysis of a few tens of carefully 

selected events. 

The local geological structure and geometry of a site can strongly modify the seismic wave 

propagation leading to large amplifications and strong spatial variations over short distances. These 

effects are generally associated with a significant proportion of surface waves in the seismic wave-

field, which are generally caused by lateral variation of material properties of the site. Such effects 

could not be incorporated so far in routine seismic hazard assessment and risk mitigation due to their 

complexity as well as the limitations of geophysical investigations. We analyse the Argostoli array 

data for identification of the seismic wave field composition and underground structure in order to 

understand the key parameters that locally control the ground motion spatial variability and 

amplification.  

We selected a subset of 46 events recorded by the array and analysed them using a three-

component array analysis technique MUSIQUE (Hobiger et al., 2012). This allowed us to extract 

slowness and back-azimuth of the waves propagating through the array as well as discrimination of 

Rayleigh and Love surface waves, and polarization parameters of Rayleigh waves. The results of the 

array analyses clearly indicate significant scattering corresponding to 2D or 3D effects beyond the 

fundamental frequency (1.8 Hz) of the valley. The summary of back-azimuth distribution shows that 

the local scattering comes primarily from the south-west edge. The scattered waves are mainly 

Rayleigh and Love waves, with a significantly higher proportion of Love waves; the corresponding 

dispersion curves indicate frequency dependent phase velocities from 2000 m/s down to 250 m/s for 

frequencies between 1 to 10 Hz. 
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INTRODUCTION 

Effects of surface geology and geometry (e.g. sedimentary valleys, topography) significantly 

contribute to ground-motion amplification and variability, and should be accounted for in seismic 

hazard estimates.  These effects are generally associated with a significant proportion of surface waves 

in the seismic wavefield, which may also generate large spatial variability over short distances, i.e., 

large strains. The loss of spatial correlation of ground motions and associated ground strains may 

affect the behaviour of large or long structures: reduction of “translational” modes, increase of 

torsional and rocking modes, and generation of large strains in lifeline facilities due to increase in 

localized deformation. Thus, spatial variability of earthquake ground motion is of particular 

importance in earthquake-resistant design and analysis of horizontally extended structures (dams, 

nuclear power facilities, bridges, pipelines, power lines, etc.). 

The spatial variation of seismic ground motions was recognized as an important component of 

the seismic wavefield since the 1930s, but started being investigated after the installation of strong 

motion instrument arrays, one of the first few being the Imperial Valley array (Zerva, 2009). The 

majority of these arrays are (or have been) located at uniform ground conditions, mostly at soil sites. 

In addition, the majority of the studies utilized a stochastic approach (coherency estimation) to model 

the spatial variation of the motions during the prominent strong-motion shear wave window. A purely 

stochastic approach, however, precludes any association of the spatial variation of the motions with 

the physical causes underlying it. Furthermore, it is well known that engineering structures cross sites 

with irregular subsurface topography and ground types. Such sites give rise to the formation of surface 

waves that can lead to large amplifications, loss of correlation and significant ground strains in the 

wave-field (Bard and Bouchon, 1980; Moczo and Bard, 1993; Cornou et al., 2003). A recent study 

(Zerva and Stephenson, 2011) highlighted the significance of irregular subsurface topography and 

formation of surface waves in the physical understanding and modelling of the spatial variation of 

seismic ground motions. Additional efforts at such sites are, hence, necessary to fully capture the 

physical causes underlying the spatial variation of the seismic ground motions for engineering 

applications. The recognition of physical patterns in the wavefield can facilitate the extrapolation of 

observations to different sites. 

To this effect, the deployment of dense seismic arrays was included in the seismological 

experiment in Argostoli that was planned as a part of the EU-NERA 2010-2014 project. Argostoli is 

situated in Cephalonia Island on the north-western boundary of the Aegean Plate where the seismic 

activity is high and dominated by the Cephalonia transform fault. The deployed dense array was 

located close to the centre of the basin and consisted of 21 velocimeters in concentric circles with radii 

of 5 m, 15 m, 40 m and 80 m around the reference station. The array was operational from mid-

September 2011 to mid-April 2012. We selected a subset of 46 events, from the catalogue of the 

events occurred during this period, for our analysis. The selected events have a homogeneous back-

azimuth distribution, local magnitudes between 2 and 5, and epicentral distances between 3 and 200 

km from the array centre. A three-component array analysis was performed using the Multiple Signal 

Characterization algorithm MUSIQUE (Hobiger et al., 2012). This algorithm allows the extraction of 

slowness and back-azimuth, along with the discrimination between Rayleigh and Love surface waves 

and polarization parameters, of the waves propagating through the array. The array analysis was 

performed over the frequency range of 1 to 20 Hz, considering the entire duration of the signals. The 

46 events were selected based on their wave trains having the highest energy and signal to noise ratio, 

and the highest average coherency over all station pairs. Thus, the present article focuses on the 

preliminary results, which include the identified diffracted wave fields and evaluation of coherency, 

obtained from the array analysis of the selected events.  

THE SITE: ARGOSTOLI 

Seismotectonic Information and Seismicity  

The island of Cephalonia falls in the north-westernmost boundary of the Aegean plate. It is located in 

a tectonically active region, mainly formed by the Apulian microplate (Figure 1(a)). This microplate is 



 A.Imtiaz, C.Cornou, P-Y.Bard, A.Zerva and M.Hobiger 3 

 

  

bounded by three tectonic plates: the Eurasian plate to the North, the Anatolian plate to the East, and 

the African plate to the South (Lagios et al., 2007). The Pre-Apulian zone forms the major part of 

Cephalonia. The western part of the Apulian microplate corresponds to the subduction of the Eastern 

Mediterranean lithosphere beneath the Aegean lithosphere. The subduction zone is located along the 

Hellenic Arc-Trench System (Le Pichon et al., 1995; Papazachos and Kiratzi, 1996). The Cephalonia 

Island is limited to the West by the Cephalonia Transform Fault (CTF) (Figure 1(b)). This fault is a 

major right-lateral strike-slip fault, linking the subduction zone to the continental collision between the 

Apulian microplate and the Hellenic foreland (Le Pichon et al., 1995; Sachpazi et al., 2000). The slip 

direction of the CTF, N 213°, is in agreement with a south-westwards motion of the Aegean. The rate 

of seismic slip in the CTF is ~3cm/year, the highest observed in the whole Aegean area (Papazachos 

and Kiratzi, 1996). 

Cephalonia Island is, thus, one of the most active seismo-tectonic regions in Greece. More 

than 10 earthquakes of magnitudes between 6.5 and 7.5 occurred in the area between 1900 and 1998.  

In 1953, the city of Argostoli was devastated by a sequence of three Ms>6 earthquakes that took place 

within 4 days, destroying 80% of the houses, and killing more than 450 people. The largest event, 

M7.2, occurred on 12 August 1953, at an epicentral distance less than 20 km from the town. Another 

large magnitude event, M7.0, occurred on 17 January 1983, at an epicentral distance of about 30 km, 

with, however, a low damage impact on Argostoli. Very recently, on 26 January and 04 February 

2014, two Mw6 events located within 10 km distance from the city of Argostoli, hit the region and 

damaged a significant number of structures. These two events were followed by a number of 

aftershocks up to Mw5.5. From the epicentre and the focal mechanism of the main shocks it was 

deduced that the Cephalonia earthquake sequence is related to the well-known Cephalonia Transform 

Fault (CTF) zone.  

 

 
(a) 

 
(b) 

Figure 1. (a) Tectonic-plate map of Greece and fault systems of the Cephalonia Island modified from Lagios et 

al. (2007). CTF: Cephalonia Transform Fault. (b) Plate motions (about fifty years ago) that affect active tectonics 

in the Aegean and surrounding area (Papazachos and Papazachou, 2003). 

Argostoli Basin 

Argostoli is a relatively small alluvium valley, 3 km in length and 1.5 km in width, situated close to 

the town of Argostoli.  The existing literature demonstrates that the valley is surrounded by hills of 

limestone and marl, and soft sediments cover the valley up to 40-50 m depth (Protopapa et al., 1998). 

The NE-SW cross-section of the valley, proposed by Protopapa et al., (1998), is presented in Figure 

2(a). The cross-section shows shear-wave velocities (Vs) of about 140-150 m/s near the ground 

surface and about 500 m/s near the bedrock. H/V spectral ratio performed on ambient noise recorded 

by using Gürualp CGM6TD acquisition units at the centre of the valley (EF2 site in Figure 2(a)) have 

outlined a very clear fundamental frequency of the site of about 1.8 Hz (Figure 2(b)).   
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(a) 
 

(b) 
 

Figure 2: (a) The cross-section 2D model of the Argostoli valley (Protopapa et al., 1998). (b) H/V average 

spectral ratios (±1) at the center of the valley, site EF2, based on ambient noise recordings of about 1 hour. 

ARGOSTOLI ARRAY SETUP  

A total of 62 seismological stations were deployed in the Koutavos-Argostoli basin during the NERA 

seismological experiment on 20 September 2011, and were operational until 17 April 2012. The 

stations were distributed along two profiles (parallel and transversal to the major axis of the valley); 

the one crossing the basin had inter-station distances of about 50 meters, and included two very dense 

arrays (minimum inter-station distance of 5 meters) located close to the edge (cluster of stations near 

the reference station in Figure 3(a)) and in the center, indicated as Array A in Figure 3(a) (Cultrera et 

al., 2014). Array A, discusse in this paper was deployed by the NERA project partner team from 

ISTerre (Institut Sciences de la Terre, Grenoble, France). The array was located approximately at the 

centre of the basin.  It consisted of 21 stations (Güralp CMG40T with eigenperiods between 30 and 

60s) connected to Nanometrics Taurus digitizers, belonging to the French mobile national 

seismological pool SISMOB. All array stations were located on the same geological unit. The central 

station, A00, and 5 stations on each of the 4 concentric circles, with radii of 5, 15, 40 and 80 m, 

around A00 constituted the array. Hence, the minimum and maximum interstation distances are 5m 

and 160m, respectively, which indicates that the array can capture planar waves with wavelengths 

from a few meters up to 160 m. Figure 3(b) shows the theoretical array response and the array 

resolution capability (Cornou et al., 2006; Wathelet et al., 2008).    
 

 
(a) 

(b) 

Figure 3. (a) Layout of the Argostoli array (Array A) in the seismological experiment of NERA. (b) Theoretical 

array response function (top) and resolution limit  (bottom): the continuous and dashed black lines, respectively, 

correspond to the theoretical array resolution limit for the use of classical frequency wavenumber technique 

(Lacoss et al., 1969), and to the empirical array resolution using high-resolution frequency-wavenumber 

techniques (Cornou et al., 2006; Wathelet et al., 2008). 
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DATA DESCRIPTION 

During the 7 months of the seismological experiment in Argostoli, more than 3000 local and regional 

events with M≥2.0 occurred in the broader Agean area. However, after careful visual inspection of the 

recordings at the A00 central station, 667 good quality events (i.e. with high signal to noise ratio) were 

selected. 170 earthquakes were re-located by the AUTH seismological station, whereas the locations 

of the remaining 497 were taken from HUSN (Hellenic Unified Seismic Network, 

http://www.gein.noa.gr/en/networks/husn). A smaller subset of events with very good signal to noise 

ratio, recorded by more than 15 stations of Array A, was selected. The events were chosen such that a 

homogeneous distribution of epicentral distance, magnitude and azimuthal coverage can be achieved 

(Table 1). Finally, 46 events, within 200 km distance from the Array, having magnitude 2 to 5, were 

selected for further analysis. Figure 4 presents the location of the events. 
 

Table1: Number of events selected for each back-azimuth, epicentral distance and magnitude group 

Back-azimuth Nb. of Events 
Range of epicentral 

distance (km) 
Nb. of Events 

Range of 

Magnitude (ML) 
Nb. of Events 

NE 10 0-30 17 2-3 23 

NW 12 30-60 10 3-4 17 

SE 13 60-100 10 4-5 6 

SW 11 100-200 9   

Total 46  46  46 

 

 
 

Figure 4. Map of the analysed events. The yellow to orange squares represent the event locations and the square-

sizes are proportional to the magnitude of the event. The red circle marks the location of the central station A00. 

DATA PROCESSING 

Array Analysis 

Analysis of array data enables the estimation of slowness of the seismic signals and station-to-event 

azimuth (back-azimuth). Among the various available array techniques, in this study, we have applied 

the MUSIQUE algorithm (Hobiger et al., 2012) to analyse our selected events. This algorithm, 

combining the algorithms MUSIC (MUltiple SIgnal Characterization; Schmidt, 1986; Goldstein and 

Archuleta, 1987) and Quaternion-MUSIC (Miron et al., 2006), offers an advanced three-component 

seismic array processing technique. In addition to the estimation of slowness of the incoming waves, 

MUSIQUE allows the identification of Love and Rayleigh waves, and the estimation of the 

polarization parameters, i.e.,  ellipticity and sense of rotation of the Rayleigh wave particle motion as a 

function of frequency (Hobiger et al., 2012). 
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Our array analysis using MUSIQUE requires dividing the entire signal into smaller time 

windows based on the target frequency. From the array transfer function, the frequency range for 

which the array is most sensitive was found to be between 1 and 20 Hz for the slowness values above 

0.002 s/m. Therefore, we chose 200 log-based steps between 1 to 20 Hz as our frequency range. For 

each frequency, we took a signal length corresponding to 5 periods, by considering 50% overlapping 

of the time windows. As for example, at 1 Hz frequency the signal is divided into 5s-long time 

windows while at 10 Hz it is 0.5s.  

As a first step of the analysis, the signals of all components and available stations are pre-

filtered and segmented.  The "classical" MUSIC algorithm (Schmidt, 1986; Goldstein and Archuleta, 

1987) is then applied. At this stage, the data from the array, composed of N three-component seismic 

sensors, are assembled, in the frequency domain, in three (complex) vectors of size N×1each. For each 

component, a covariance matrix of size N × N is evaluated. Then these three resulting covariance 

matrices are simply added to form a single covariance matrix whose associated eigenvectors and 

eigenvalues are calculated. The signal subspace is determined from eigenvectors associated to the 

largest eigenvalues and the rest is attributed to noise subspace. Back-azimuth and absolute slowness of 

the most energetic wave arrivals are then identified through a two-dimensional grid search on the 

values maximizing the MUSIC functional. Although classical MUSIC is able to identify multiple 

sources, the MUSIQUE code used in this work deals with single source, that is, only the dominant 

arrival of each analysed time window, in order to facilitate the retrieval of the polarization parameters 

of Rayleigh waves. 

In the second step, radial and transverse components are computed by projecting the east-west 

and north-south components of the signals into the direction of the identified back-azimuth and its 

orthogonal direction. Here, an energy criterion is used to distinguish between Love and Rayleigh 

waves. The criterion is, if the transverse energy is more than 70% of the total energy (i.e., the 

transverse component carries more energy than the sum of the radial and vertical components), the 

wave is identified as a Love wave. Similarly, when the sum of radial and vertical energy is more than 

70% of the total energy, the wave is identified as a possible Rayleigh wave. It is worth mentioning 

here that the identified surface waves may contain a mix of body waves, especially the SH waves. 

For Rayleigh waves, the quaternion-MUSIC algorithm (Miron et al., 2006) is used to further 

estimate the polarization parameters. Quaternions are considered as an extension of complex numbers 

into four dimensions. Use of quaternions allows the algorithm to merge both the complex-valued data 

vectors of radial and vertical components into a single data vector and thus the polarization relation 

between both components remains naturally preserved in the data. The quaternion-valued covariance 

matrix is then built and the quaternion-MUSIC functional is maximized to estimate the phase 

difference (φ) between the vertical and radial components and the amplitude parameter (ρ). As 

azimuth and slowness parameters have already been estimated in the first step, the remaining two 

parameters φ and ρ are determined herein in an analytical way with MUSIQUE rather than using the 

four-dimensional grid search of the Quaternion-MUSIC. As a final step, the retrograde and prograde 

particle motions are distinguished from the estimated φ values. Theoretically a shift of φ=90° 

corresponds to a retrograde particle motion while φ=270° to prograde. In our analysis, φ ranging from 

45° to135° is identified as retrograde motion and 225° to 315° as prograde.  

Coherency Analysis 

By definition, coherency is the ratio between cross spectrum of a pair of stations (j, k), normalized by 

the corresponding square root of the product of the power spectra at the stations (Zerva, 2009). In this 

study, we calculated the lagged coherency, i.e., the absolute value of the coherency (Equation 1), 

which is commonly used in engineering practices. The lagged coherency is a measure of similarity 

(linearity) between two seismic motions at a particular frequency. The coherency values range from 0 

to 1, for fully uncorrelated to fully correlated signals, respectively. In our coherency evaluation, we 

considered the same frequency-time data blocks as that of the MUSIQUE array analysis. We estimated 

the lagged coherency for each available station pair in the array (maximum 210 pairs for 21 stations), 

using aligned time series and an 11-point Hamming window for smoothing. 
 

(1) 
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RESULTS FROM THE ANALYSES 

The array data processing by the MUSIQUE code provides us the estimates of the wave vector 

(slowness and back-azimuth), identifies Love and Rayleigh waves, and the polarization parameters 

(retrograde and prograde particle motion) of the latter. During post-processing, we applied some 

filtering thresholds to store only the most coherent part of the seismograms containing the most 

energetic signals. Therefore we eliminate the results obtained from the waves containing S/N (signal 

to noise) ratio less than 5, energy less than the median energy of all the available signal time windows, 

and average lagged coherency, over all stations pairs, less than 0.5. 

Identified Back-azimuth and Energy Distribution of the Waves 

Figures 5 and 6 show the results obtained from the analysis of one event with magnitude ML=3.5 that 

occurred at 12 km depth, 36 km epicentral distance, and a back-azimuth of N 125° from the central 

station A00. Figure 5(a) shows the location of the event and 5(b) the distribution of the back-azimuth 

of the identified waves for the frequencies analysed. The back-azimuth distribution reveals that, over 

the entire frequency range, most of the wave-energy is coming from the south-west direction (roughly 

210±30° back-azimuth), which corresponds the south-west edge of the basin (Figure 2(a)). 
 

 
Origin Date = 20111014 
Origin Time = 01:11:32  
Magnitude, ML = 3.5 
Epicentral Distance = 36 km  
Hypocentral Depth = 11.9 km 
Back-azimuth = N 125° 

 

Figure 5. Identified back-azimuth of waves propagating across the array A from the ML=3.5 event of 14 October 

2011 at UTC 01:11. (a) The location of the event with respect to the central station A00. (b) Identified back-

azimuths as function of frequency. The red line indicates the back-azimuth of the epicentre. The colour bar 

represents the summation of normalized energy of the MUSIQUE estimates falling into the specific 

backazimuth-frequency data blocks. Here log10 values of the energies quantified from the analysed time-

windows have been normalized by the corresponding squared Fourier amplitude spectrum. 

 

Figure 6 provides the distribution of Rayleigh and Love wave energies for the event. The radial 

plots (Figures 6 (a)-(e)) show the normalized energies for specific frequency ranges averaged over 10° 

back-azimuth bins. For frequencies below or close to the fundamental frequency of the basin (Figures 

6(a) and (b)), although surface waves propagate from the source direction (~N 125°), there is a 

significant deviation of energy towards the south-west (up to N 240°) and a relatively smaller 

deviation towards the north-east (approximately N 60°-N 90°). These scattering directions can be 

attributed to the two edges of the basin structure, with the south-west edge being the dominant 

scatterer. As frequency increases (Figures 6 (c)-(e)), the principal scattering direction is still observed 

to be the south-west, with a slight exception at 2.5-3 Hz (Figure 6(d) shows Rayleigh wave also 

dominates at N 150°- N170°).  

Figure 6 (f) represents the percentage of analysed energy carried by the surface waves compared 

to the total energy estimated from all the time-windows for the considered frequency. Clearly, Love 

waves dominate the wavefield in the 1-3 Hz frequency range, Rayleigh waves start becoming 

significant at 3-4 Hz, and the wave field is a mixture of Love and Rayleigh waves (Love waves being 

slightly dominant) above 3 Hz. Thus it appears that the distribution of energy has a dependence on the 

frequency. 
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(a) 1-1.5 Hz 

 

 
(b) 1.5-2 Hz 

 

 
(c) 2-2.5 Hz 

 

 

 

 
(d) 2.5-3 Hz 

 

 
(e) 4.5-5 Hz  

(f)  

 
Figure 6. (a) to (e) Radial distribution of the estimated Love (green dashed line) and Rayleigh (red line) wave 

energies along their respective back-azimuths and at various frequency ranges. The blue dot indicates the back-

azimuth of the event. The respective Love and Rayleigh energies have been summed up over 10 degrees back-

azimuth interval and normalized by the maximum energy of all the time windows, so that their values are in the 

range of 0 to 1. (f) Proportion identified Love and Rayleigh waves as function of frequency, with respect to the 

total energy of all the time windows available at each considered frequency. 

 

Next, the results obtained from all 46 selected events were combined in a single summary plot 

to retrieve the dominant tendency. First, the contributions from direct arrivals were eliminated by 

removing the results corresponding to each event’s back-azimuth ± 20°. Then the results of the single 

events were summed up. Figures 7 and 8 illustrate the outcomes corresponding to these combined 

results. Figure 7(a) shows the combined results of all waves from all analysed events. The dominant 

wave scattering over the entire frequency range is observed from the south-west direction (N 210° ± 

30°), as before. However, some scattering is also observed at low frequencies from the north-east (N 

70° ± 10° at 1-2 Hz) and south-east (N 110° ± 10° at 2-3 Hz). After separating the contributions of 

Love and Rayleigh waves (Figures 7 (b) and (c)), Love wave arrivals are seen to dominate the low 

frequencies (1-3 Hz), while Rayleigh waves dominate the wavefield for a narrow frequency band 

between 3 and 5 Hz. Finally Figure 7(d) presents the main diffraction directions with respect to the 

location of our array layout.  

Figure 8 shows the cumulative distribution of analysed energy for all 46 events, after removing 

the energies of the direct arrivals corresponding to the event-back-azimuth ± 20°.  The figure bounds 

the area of energy distribution for mean ±1 of the averaged values. Here, once again, we observe the 

frequency dependency of the wave energy, namely Love waves being dominant at 1-3 Hz and 

Rayleigh waves at 3-4 Hz. 
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(a) All Identified Waves 

 

 
(c) Rayleigh Wave 

 

 
(b) Love Wave 

 

 
(d) Diffraction Directions 

Figure 7. Cumulative distribution of the diffracted wave arrival directions after removing the direct arrivals 

(event-back-azimuth ± 20°) from the results of each single event. Contribution from (a) All waves, (b) Love 

waves, and (c) Rayleigh waves. The colour bar represents the summation of normalized energy of the events 

falling into the specific backazimuth-frequency data blocks. Here log10 values of the energies quantified from the 

analysed time-windows have been normalized by the corresponding squared Fourier amplitude. (d) Direction of 

dominant diffracted wave arrivals with respect to the array site.  
 

 
 

Figure 8. Mean ±1 distribution of the cumulative analysed energy, after removing the direct arrivals (event-

back-azimuth ± 20°) from the results of each single event, as function of frequency. The analysed energy is 

expressed as the percentage of the total energy of all time windows available at each frequency. The red region 

corresponds to Rayleigh waves while the blue to Love waves. The black line is the mean curve for the total of 

Rayleigh and Love energy. 

 

Dispersion Curve 

Figure 9 (a) represents the cumulative slowness values obtained from all the analysed time windows 

after removing the direct arrivals (event-back-azimuth ± 20°) from the results of each single event. 

The extracted slowness values are frequency-dependant, confirming the surface-wave nature of the 
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diffracted wavefield. Figures 9(b) and (c) illustrate slowness values for Love and Rayleigh waves, 

respectively, and compare the results from the MUSIQUE analysis with the  dispersion curves 

obtained from the classical array analysis performed on ambient noise and active surface wave 

measurements carried out inside array A (Boxberger et al., 2014). 
 

 
(a) All Identified Waves 

 
(b) Love Waves 

 
(c) Rayleigh Waves 

 
(d) Prograde Motion 

 
(e) Retrograde Motion 

 

Figure 9: Cumulative slowness values after removing the direct arrivals (event-back-azimuth ± 20°) from the 

results of each single event: (a) For all waves types, (b) Love waves, (c) Rayleigh waves, (d) Retrograde 

Rayleigh motion and (e) Prograde Rayleigh motion. The colour bar represents the summation of normalized 

energy of the events falling into the specific backazimuth-frequency data blocks. Here log10 values of the 

energies quantified from the analysed time-windows were normalized by the corresponding squared Fourier 

amplitude.  The black lines represent the dispersion curves obtained from the classical analysis of ambient noise 

recorded at array A and active surface wave measurements (Boxberger et al., 2014). 
 

In Figure 9(b), the fundamental-mode dispersion curve is evidently observed to be dominated 

by the Love waves, but the presence of higher modes is not very clear. On the other hand, the Rayleigh 

wave dispersion curve (Figure 9(c)) seems to be a mixture of the fundamental and first harmonic 

modes. The split of the dispersion estimates into retrograde and prograde Rayleigh particle motions 

(Figures 9(d) and (e)) allows the separation of the different mode branches between 1.5 and 3 Hz, and 

3 and 4 Hz, which most likely belong to the fundamental and higher mode(s), respectively. From the 

H/V average spectral ratios (Figure 2 (b)), it is remarkable that the particle motion should be prograde 

between 1.8 and 3 Hz for the fundamental mode and retrograde elsewhere. Therefore, our observation 

of the fundamental mode on the prograde component fits perfectly. The retrograde motion for higher 

frequencies is then probably the first harmonic mode. 
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Coherency 

The average of the estimated lagged coherency values for the ML=3.5 event (presented earlier in 

Figures 3 and 4), considering all time windows, at different distances is plotted as a function of 

frequency in Figure 10. The drop of the coherency with distance is evident, whereas the frequency 

dependence of the coherency appears to be more complicated and controlled by the arrival time of the 

waves. 

 

 
(a) 5 m (avg. of 13 pairs) 

 
(b) 15 m (avg. of 7 pairs) 

 
(c) 40 m (avg. of 4 pairs) 

 
(d) 80 m (avg. of 2 pairs) 

 

Figure 10: Distribution of estimated lagged coherency values as a function of frequency, at distances (±1 m)  

(a) 5 m, (b) 15 m, (c) 40 m, and (d) 80 m, of the east-west component of the ML=3.5 event occurred on 14 

October 2011 at UTC 01:11 (Figures 3 and 4 show the other relevant results). The coherency values are averaged 

over all available pairs at the distances considered. Distance is defined as the inter-station distance projected 

along the incident wave arrival direction. The colour bar represents the corresponding starting time of the 

analysed time window.  

DISCUSSION AND CONCLUSIONS 

This study represents the preliminary results from the array analysis, and explores the wave field 

characteristics generated by 46 local and regional earthquakes in the basin of Argostoli, Greece. The 

MUSIQUE algorithm was utilized to estimate the apparent propagation characteristics of the waves, as 

well as to identify the energy resulting from Love and Rayleigh surface waves, and to distinguish the 

retrograde and prograde particle motion of the latter. The results show that, for all analysed events, the 

main scattering of the waves appears to be caused from the south-west edge of the basin. Love waves 

visibly dominate the wave field at lower frequencies. On the contrary, Rayleigh waves seem more 

scattered over all frequencies, being slightly more dominant at 3-4 Hz. At  frequencies lower than the 

resonant frequency of the site, both Rayleigh and Love waves impinge the array from a range of back-

azimuths (N 60°-N 240°), most probably related to regional diffractors located outside the Argostoli 

basin.   

At higher frequencies, the  dominant diffracted wavefield, for either surface wave type, is 

arriving from N 210°-N 240°, i.e., the south-western edge of the basin, which is the array’s closest  

edge from the basin. Overall, the distribution of the wave energies is observed to be frequency 

dependent. The dispersion estimates obtained from the analyses show that the fundamental mode (at 1-
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3 Hz) is evidently dominated by Love waves, while there is also some contribution (at 1.5-3 Hz) from 

the less energetic prograde Rayleigh waves. The probable dispersion curve of the first harmonic mode 

(at 3-4 Hz) could be attributed to the retrograde Rayleigh waves. The estimated lagged coherency 

values apparantly show a decaying tendency with distance. However, a more careful examination is 

required to retrieve singular tendencies, especially frequency dependences, from the coherency results. 
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