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ABSTRACT
We investigated inversion of full waveforms into formal 1D velocity models. ‘Formal’
means that the models are primarily intended to simulate complete seismograms close to
real records, rather than to reflect the true crustal structure from the geological point of
view. The method is demonstrated for a magnitude Mw 5.3 earthquake (centroid depth of
4.5 km), recorded at 8 three-component stations in the Corinth Gulf region, Greece,
spanning the epicentral distance range from 15 to 102 km, and frequency range from 0.05
to 0.2 Hz. The forward problem was solved by the discrete wavenumber method, while the
inversion was performed with the neighborhood algorithm. As such, not only the best-fit
models, but also suites of the models almost equally well satisfying data were obtained.
The best resolution was found in the topmost ~10 km. Extensive testing of the model
parametrization enabled identification of the most robust features of the solution. The
P- and S-wave velocities are characterized by a strong increase with depth in the topmost
~45 km. This part of the model can be approximated by a layer with constant velocity
gradient. Compared to a previously existing model of the region, the satisfactory
waveform match was extended from the maximum frequency of 0.1 Hz up to 0.2 Hz. This
extension will improve calculation of the seismic source parameters in the region, e.g.
determination of source time functions and slip distributions of potential future Mw > 6
events.
K e y w o r d s : crustal structure, full waveform inversion, discrete wavenumber method,
neighborhood algorithm, Corinth Gulf, Greece

1. INTRODUCTION
Constructing seismic models of the Earth crust serves at least two major purposes:
(i) helping to understand a geological structure, and (ii) enabling investigations of
earthquakes in terms of their location, centroid-moment-tensors, and/or slip-history on
faults. Contemporary investigations of type (i) are typically of the 2D (profile) or 3D
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(tomography) type. They need integration of the seismic, gravity, electromagnetic and
geologic data, the studies are long-term and expensive, thus usable models are available
for selected regions only. Studies of type (ii) must be performed wherever earthquakes
occur, including regions without existing 3D models, thus still appreciating even good 1D
models. The 1D seismic models obviously cannot completely reflect the true geological
composition of the crust; instead, within purpose (ii), the basic requirement is that they
well reproduce the wave propagation. The present paper belongs to category (ii), focused
on full wave fields. (For similar philosophy, but focused on arrival times, we can refer to
the methodology and well-known code VELEST of Kissling, 1994).
Should the 1D models of type (ii) be suitable for full-wave seismic waveform
modeling, the natural way is to derive them from full waveforms. Such an approach
guarantees that the model will reflect enough structural complexities, mainly in the
shallow depths, whose impact on complete waveforms is large (for example as regards the
Lg waves). Moreover, use of waveforms may efficiently reduce trade-offs between layer
thicknesses and velocities, typical for the structural inversions based exclusively on travel
times (Li et al., 2007).
History of the 1D structural inversions from full waveforms is not long, since they
belong to computer demanding inverse problems. For example, regional PL waveforms
(~0.05 Hz) in distance range from 300 to 500 km were inverted by Fujita and Nishimura
(1993). A single station and eight events were used to construct the path-dependent twolayer Vs models of the crust (with fixed ratio of P- and S-wave velocities V p Vs ) in
western Japan. Differential seismograms were introduced to investigate the waveform
sensitivity to the individual model parameters. The PL waves were found sensitive much
more to Vs than to Vp, mainly to Vs in the upper crust. An iterative linearized inversion
was used. Bhattacharyya et al. (1999) used a single Mb = 5.2 (mine collapse) event and
regional waveforms at 14 stations (distances 140 to 800 km) to construct a four-layer 1D
crustal model in frequency range 0.02 to 0.1 Hz by genetic algorithm. Several model
searches were carried out to estimate the uncertainty of the model parameters. The
V p Vs ratio was kept constant. The stations were combined in subgroups to efficiently
describe crustal models and their uncertainties in two main regional units of western
United States. Alvarado et al. (2007) performed a sensitivity study of regional broadband
waveforms with respect to individual parameters of the crustal models in Andes. Forward
modeling, complemented with grid search, then enabled them to independently invert
separate source-station pairs (16 stations and 12 crustal events of Mw from 4.0 to 5.1).
Their study, involving frequencies 0.0125 to 0.1 Hz, referred to the whole crust. The
largest V p Vs  1.85 was found in a limited region of the lower crust. Li et al. (2007)
constructed four-layer crustal models of Vp and V p Vs in Italy, using 19 events with
magnitude between 4.0 and 5.2, and 42 stations. Genetic algorithm was applied to multistation data set to describe four Italian sub-regions between 0.02 and 0.1 Hz. The models
were constrained by travel times. Lee and Baag (2008) inverted broadband waveforms of
a single ML = 3.9 event at 11 stations in southern Korea (distance 34 to 241 km) between
0.05 and 0.3 Hz, jointly with travel times, using genetic algorithm. The algorithm was
repeated 10 times to obtain the uncertainty estimate. Three-layer crustal models of Vp
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were investigated. Models were constructed for 3 regions, comprising 5 source-station
paths in each region. In contrast to other papers on a similar topic, the source depth was
included among the model parameters. Kim et al. (2011) inverted waveforms of two (Mw
3.6 and 4.6) earthquakes and several source-station paths (2 to 7 jointly inverted stations
for individual sub-regions) in the Korean Peninsula. The waveform segmentation
according the individual wave groups was used, along with three (overlapping) frequency
ranges covering the frequency interval from 0.04 to 0.4 Hz. A three-step hierarchic gridstep method was developed. The uncertainty of three-layer Vp and Vs models was
determined by bootstrapping. The latter paper is also a good review of recent literature on
the full waveform structural inversion.
This brief state-of-art survey indicates that the full waveform inversion for 1D crustal
models is an important topic. A few aspects still need a further investigation, for example,
(i) effects of very shallow depths < ~5 km, (ii) layers with a high Poisson ratio (large
V p Vs ratio), (iii) application of new inversion techniques and effects of the model
parametrization, (iv) uncertainty of the solution. For all these reasons the objective of this
paper is to develop a method to invert full near-regional waveforms into 1D seismic
models of the crust which are suitable for earthquake source investigations. The main
attention will be paid on the upper crust.
The paper is structured as follows. First we present the method to invert full
waveforms into families of acceptable seismic models. Then we apply the method to real
data, while varying the structural parametrization. Finally, we compare the new model
with the previously existing one in terms of their ability to match real waveforms. The
investigated data set refers to a previously thoroughly studied Mw 5.3 earthquake, well
recorded at 8 broadband stations in the Corinth Gulf region, Greece. The epicentral
distances range from 15 to 102 km, with frequencies between 0.05 and 0.2 Hz.

2. METHOD
Full waveforms of an earthquake recorded in a network of seismic stations are inverted
into a 1D crustal model optimally representing the seismic wave propagation. A singlepoint source approximation is used. The centroid position, centroid time and a doublecouple focal mechanism are fixed at previously determined values. The forward problem
is solved by the discrete wavenumber (DW) method (Bouchon, 1981; Coutant, 1989). The
inverse problem is solved by an optimization approach, in particular the neighborhood
algorithm (NA) (Sambridge, 1999). The misfit function to be minimized is the L2 norm of
the difference between the whole observed and synthetic seismograms, measured directly
in the time domain. Quality of the solution is expressed by means of the global variance
reduction VR

VR  1  
i

 oi  si 2
oi2

,

where oi and si are the observed and synthetic seismograms, and the summation is over
the stations, components and time samples. The observed and synthetic data are band-
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passed filtered by an identical filter, described by four frequency values (f1, f2, f3, f4); the
filter is flat between f2 and f3, and cosine tapered at both ends. The maximum frequency
(f4) is always chosen below the corner frequency at all stations, so the moment-rate
function of the synthetics is delta function. The minimum frequency (f1) is basically
determined by the noise. Hereafter we list only the f1 and f4 values. As the centroid depth
and time are the least well known source parameters, the method includes optimization of
the source delay within a prescribed limit (± 1 s) around the centroid time.
The 1D models, composed of homogeneous layers, are primarily characterized by the
layer thicknesses, P- and S-wave velocities (Vp , Vs). The densities and quality factors are
the least important factors in this paper, thus they are kept at certain values typical for
previous models of the region. Several model parametrizations are considered, e.g.
variable or fixed thickness of the layers, variable Vp and Vs , or variable Vs with a fixed
V p Vs velocity ratio. The number of layers in our experiments is 7 or 12. Seven layers
are used in the experiments where the shallow crustal structure contains no more than 34
layers. Twelve layers are used in the experiments where the shallow crustal structure is
formally subdivided into 10 thin layers and the rest of the model (above and below
MOHO) contains two layers only. All models are searched with a constraint of the nondecreasing Vp and Vs, i.e., the low-velocity channels are prohibited.
Generating trial crustal models is a part of the NA method. In highly non-linear space,
the method has more “power” to escape from local minima than, for example, genetic
algorithms (Vallée and Bouchon, 2004; Sambridge, 1999). The main idea of the NA is the
following: For each point in parameter space (i.e. for each combination of the model
parameters) it is assumed that, to a first approximation, the fit is constant in some
neighborhood. To describe the neighborhood, Voronoi cells are used (Voronoi, 1908).
They are defined in the space of all sought parameters, they are unique and define a space
filling, convex pavement of the space. The method works in an iterative way, as follows:
1. Generate an initial set of ns models, each model being a certain, random
combination of model parameters.
2. Calculate the misfit function for the (most recently generated) set of ns models and
determine the nr models with the lowest misfit of all models generated so far.
3. Generate ns new models by performing a uniform random walk in the Voronoi cell
of each of the chosen nr models (i.e. ns nr samples in each cell) Then it goes
back to Step 2, etc.
The family of the solutions progressively improves the data fit, and the number of
models with a good fit increases. The number of all visited models is ntot  ns  niter  1 ,
where niter is number of iterations. Throughout the search the best-fitting model is
identified ( VR  VRopt ). Graphically displayed are all visited (= trial, = tested) models,
color-coded according their VR. Red zone in the plots includes all well fitting models. The
flowchart of the method is shown in Fig. 1.
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Generating crustal models
Neighborhood Algorithm (NA)

Iteration > 0

No

Randomly
distributed
models

Yes
Models according
to distribution
of variance reduction

Computing synthetic seismograms
Discrete Wavenumber (DW)

Comparing synthetic
and real seismograms
Variance reduction

No

Iteration = Imax
Yes

Results:
a) all visited crustal models with their variance reduction
b) reclculated synthetic seismograms for the best fitting model

Fig. 1. Flowchart of the proposed inversion method. Complete observed waveforms at
a number of stations are inverted into a suite of well fitting 1D crustal models. The main
ingredients are the forward solver (discrete wavenumber method) and the optimization tool
(neighborhood algorithm method).

3. RESULTS
The performance of the method is illustrated on the largest event (Mw 5.3) of the 2010
Efpalio earthquake sequence, Greece, comprehensively studied by Sokos et al. (2012).
Eight stations are used, same as those used in the cited paper for the centroid-momenttensor determination (Fig. 2, Table 1). Specifically, we invert the instrumentally corrected
velocities, obtained by removing the influence of transfer function of the seismographs.
3.1. Experiment 1
Results for the frequency range 0.050.2 Hz are shown in Fig. 3. The parametrization
uses constant layer thicknesses adopted from a published model relevant to the studied
region, hereafter R-model (Rigo et al., 1996). The ratio V p Vs  1.83 is fixed according
to the recent first-arrival velocity inversion of the region by Novotný et al. (2012). Using
niter = 20 and ns = 40, the overall number of tested models was 840. Fig. 3 includes the
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Fig. 2. The study region of the Corinth Gulf, Greece, and its surroundings. Epicenter of the used
event and its focal mechanism are shown by the star and ‘beachball’ (see also Table 1). The used
broadband stations are marked by triangles.
Table 1. The centroid-moment-tensor parameters of the studied earthquake.
Lat. N []

Long. E []

Depth [km]

Mw

Strike [

Dip []

Rake []

38.422

21.941

4.5

5.3

102

55

83

iteration scheme, histogram of the variance reduction and all Vs models visited by the NA
method, color-coded by their respective VR values. The R-model and the formally best-fit
model (VRopt = 0.606) are also demonstrated. The notable features of the well-fitting
models (the red zone in Fig 3) are the following: (i) shallow zone of low Vs velocities and
a large velocity-depth gradient in the uppermost 4 km, (ii) a weakly varying velocity Vs in
the middle crust, and (iii) uncertain velocity Vs in the deep crust and below Moho.
3.2. Experiment 2
The constant layer thicknesses are a weak point of the Experiment 1. Therefore, the
joint inversion of S-wave velocities and layer thicknesses was performed in this
experiment. The frequency range, number of layers and V p Vs ratio remained the same
as in Experiment 1. Number of tested models (ntot = 9660, niter = 160, ns = 60) increased
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Fig. 3. The inversion result of Experiment 1. The parametrization of the crustal models is given
by the fixed layer thicknesses, fixed V p Vs and variable Vs. The model velocities were constrained
to be non-decreasing with depth. a) All tested models, color-coded according their variance
reduction. The best-fitting model and a previously published R-model (Rigo et al., 1996) are
denoted by the thick black and white dashed lines, respectively. b) Histogram of the variance
reduction. c) The iteration scheme of the NA method.

Fig 4.
The same as in Fig. 3, but for the inversion result of Experiment 2, where the joint
inversion of S-wave velocities and layer thicknesses was performed.

significantly, because the number of searched parameters is larger (six thicknesses and
seven S-wave velocities) than in Experiment 1. Fig. 4 shows the results in same layout as
in Experiment 1. The best fitting models from both experiments are very similar: (i) the
significant S-wave velocity jump at a depth of about 4 km, (ii) constant velocity Vs in
middle crust, and (iii) uncertain MOHO depth and velocity Vs. More inverted parameters
allowed us to achieve a better match (VRopt = 0.648) than in Experiment 1.
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Fig. 5. Results of a) Experiment 2, b) Experiment 3 with the S-waves velocity jump at the base of
the gradient part, and c) Experiment 3 without the velocity jump at the base of the gradient part. See
Table 2 for the two gradient models in b) and c). VRopt: variance reduction of the optimal model.
Table 2. The best-fitting models of Experiment 3.
Velocity model with Vs jump below the gradient part (the topmost 10 layers of the
gradient part and two more layers below)
Depth* [km] 0.00
Vs [km/s] 2.70

0.37
2.72

0.74
2.74

1.11
2.77

1.47
2.79

1.84
2.81

2.21
2.83

2.58
2.85

2.95
2.87

3.32
2.89

3.69 28.04
3.43 3.65

Velocity model without Vs jump below the gradient part (the topmost 10 layers)
Depth* [km] 0.00
Vs [km/s] 2.31

0.39
2.42

0.79
2.53

1.18
2.64

1.58
2.76

1.97
2.87

2.37
2.98

2.76
3.10

3.16
3.21

3.55
3.32

3.94 26.68
3.43 3.69

* Depth of the upper boundary of the layer

3.3. Experiment 3
A detailed view on the shallow ~5 km part in Fig. 4 suggests a possibility to substitute
the red zone of well fitted models by a constant velocity gradient. For purposes of the DW
method the gradient is implemented by means of 10 thin constant-velocity layers. The
gradient part of the model is defined by its thickness, and the Vs values on its top and
bottom.
Two scenarios how to link the gradient part with the middle crust are tested: (i) a
velocity Vs jump is allowed at the bottom of the gradient layer (six parameters are
searched); (ii) the Vs jump is not allowed (five parameters are searched). The depth of
MOHO and Vs bellow MOHO is also searched. The frequency range, V p Vs ratio and
number of tested models stayed same as in Experiment 1.
The gradient approach searches similar number of parameters as in Experiment 1,
therefore the computer time saving is significant compared to Experiment 2. Fig. 5
compares the results of Experiments 2 and 3. The best fitting gradient models are in
Table 2. Variance reduction (VRopt = 0.648 and VRopt = 0.636 for the models with and
without jump, respectively) is similar to Experiment 2.
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3.4. Experiment 4
The most interesting results were obtained for varying all parameters - the layer
thicknesses, Vp and Vs (Fig. 6). Using niter = 400, ns = 80, the overall number of tested
models was 32080. The frequency range is from 0.05 Hz to 0.2 Hz. The corresponding
waveform match for the best-fitting model (Table 3), characterized by VRopt = 0.663, is in
Fig. 7. Analogously to Experiments 1, 2 and 3, the result in Fig. 6 indicates again a strong
increase of Vs in the uppermost crustal layers (starting at Vs as low as 2.64 km/s). The
results also indicate an increased V p Vs velocity ratio in the topmost ~45 km of the
crust, with the V p Vs values in the best-fitting model as high as ~2.1.
To understand the resolution of the model parameters, we calculated the correlation
and covariance matrices (Menke, 1984); see Fig. 8. We found that the layer thicknesses
trade-off with each other, the Vp in the individual layers tradeoff with each other, too, and
the same applies for Vs. The variances and covariances increase with depth, the best
resolved are the parameters of the first two or three layers. The mutual trade-off between
the thicknesses and velocities, as well as between Vp and Vs is negligible.

Fig. 6. The inversion result of Experiment 4, i.e. for the case of varying all parameters: the layer
thicknesses, velocities Vp and Vs. The velocities Vp and Vs were constrained to be non-decreasing
with depth. The models are color-coded according their variance reduction. The best-fitting model
(Table 3) and the previous R-model are denoted by black thick and white dashed lines, respectively.
Table 3. The best-fitting model of Experiment 4.
Depth* [km]

0.00

2.22

4.21

19.99

23.76

25.54

33.33

Vp [km/s]
Vs [km/s]

5.27
2.64

5.71
2.76

5.91
3.55

6.51
3.57

6.72
3.62

6.98
3.79

7.61
3.86

* Depth of the upper boundary of the layer
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Fig. 7. The velocity waveform match between the observed (black) and synthetic (red) seismograms of the best-fitting model from
Experiment 4 in the frequency range from 0.05 to 0.2 Hz; variance reduction = 0.663. For comparison, also included are the synthetics for the
previous Rigo model (green); variance reduction = 0.390.
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Fig. 8. The covariance and correlation matrices for the inversion of Experiment 4. The matrix
elements are ordered according to the layer thicknesses (d1d6), then to Vs (Vs1Vs7), and finally to
Vp values (Vp1Vp7), respectively. a) Part of the covariance matrix related to thicknesses, shown
with different scale for better visibility, b) rest of the covariance matrix. The scale bars of a) and b)
are placed on the left and right hand side of the covariance matrix, respectively.

4. DISCUSSION
The sensitivity issue needs a better explanation. In this paper we work at wavelengths
greater than ~15 km, attempting to resolve velocities in the uppermost layers shallower
than 5 km. It may be questioned if any resolution at a scale shorter than wavelength is
possible. We believe that positive answer is due to fact that our records are dominated by
interference (Lg) waves, propagated mainly horizontally, and being strongly affected by
the presence of the Earth’s surface. As such, the resolution is primarily determined by the
wave-field sensitivity to temporal differences, and it is easy to demonstrate that the waves
are sensitive to time shifts shorter than the period. The issue can be illustrated by analogy
with the source inversions. For example, the single-point source inversion of Sokos and
Zahradník (2013), performed at periods greater than 6.6 s, clearly revealed sensitivity to
source time shifts as small as 0.3 s. The two-point source models of Zahradník and Sokos
(2014) at periods > 6 s resolved the temporal shifts between subevents as small as 35 s.
Similarly, the slip inversion of Gallovič and Zahradník (2012), working at shortest
periods of 5 s, detected temporal source delays ~13 s.
As explained in the Introduction, we do not claim the resulting models to represent
true geologic structures. They merely represent a formal tool to correctly model the
seismic wave propagation for purposes of the relatively low-frequency (< 0.2 Hz) source
studies. Therefore, any comparison with recent high-frequency, travel-time based 2D
models (Zelt et al., 2005) and 3D models of the region (Le Meur et al., 1997; Latorre et
al., 2004) would be almost meaningless.
Much more important is to compare the waveform match obtained with the best-fitting
model of Table 3 with the match from the previously published R-model. We start with
the frequency band (0.050.1 Hz) and find a comparable VR in the two models:
VR = 0.787 and 0.691 in our model of Table 3 and in the R-model, respectively. However,
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when increasing the maximum frequency, i.e. using (0.050.2 Hz), we find VR = 0.663
and VR < 0, respectively. The latter two cases are compared in Fig. 7. It is logical that the
new model performs better because the R-model was constructed to optimize travel time
residuals, not the waveform match. Good performance of the new model up to distances
of ~100 km and frequencies to 0.2 Hz is important for future source studies in the region.
The increase of the modeled frequency from 0.1 to 0.2 Hz will enable, for example,
calculations of the source time functions and/or slip inversions of future M > 6 events,
which can be expected in the studied region.
Comparing the above obtained velocity increase at the depth of about ~45 km with
the centroid depth (4.5 km), the question appears to which extent the derived velocity
model is dependent on the assumed centroid depth. Therefore, in Fig. 9 we compare bestfitting models obtained in the inversions analogous to that of Experiment 2 in which
however the centroid depth was varied (2, 4.5, 6 and 8 km). The velocity increase for
deeper centroid depths (4.5, 6 and 8 km) takes place in two parts, denoted in Fig. 9 as
a part A and B. The varying centroid depth indeed affects the optimal velocity model,
moving the velocity jump close to the centroid depth, but only in the part B. The first
velocity jump (part A) is almost same (~3.3 km) for all centroid depths deeper than
4.5 km. However, the variance reduction clearly prefers the model obtained for the depth

Fig. 9. Effect of different centroid depths on the best-fitting models found in the inversions
analogous to Experiment 2. The ellipse A shows almost same velocity jump (~ 3.3 km) for all
centroid depths equal to 4.5 km or deeper. The influence of varying centroid depth is visible
especially in the ellipse B. Note the preference of the source depth of 4.5 km (variance reduction
VR = 0.648), used in all other experiments of this paper.
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of 4.5 km, previously obtained by Sokos et al. (2012), and consistently used in all
preceding calculations. That is also why the new velocity model practically does not affect
the focal mechanism, i.e., the strike/dip/rake angles change with respect to the cited paper
just within 3.

5. CONCLUSIONS
We investigated full waveform inversion into 1D velocity models of the crustal
structure. The method was demonstrated for a Mw 5.3 earthquake (centroid depth of
4.5 km), recorded at 8 three-component stations in the Corinth Gulf region, Greece,
spanning the epicentral distance range from 15 to 102 km and frequency range from 0.05
to 0.2 Hz. The forward problem was solved by the discrete wavenumber method, while
the inversion was performed with the neighborhood algorithm. The results can be
summarized as follows:
 Inversion of full waveforms into 1D velocity models is feasible. The best
resolution is obtained in the topmost 10 km. The Vp and Vs velocity models are
characterized by a strong increase (possibly modeled with a constant velocity
gradient) in the topmost ~45 km. The elevated V p Vs ratio in the topmost
~45km has been also indicated.
 Resolution of these relatively shallow layers is possible thanks to fact that full
waveforms are dominated by Lg waves. Resolving the shallow crust in this way
represents a significant advantage compared to models based exclusively on travel
times, because seismicity in the topmost 4 km is sparse in the studied region.
 The obtained 1D models have no intention to represent a true geological structure.
However, the obtained models are important because they enable successful
modeling of waveforms up to 0.2 Hz. Before this study, only inversions up to
0.1 Hz were feasible in the investigated distance range with the previously existing
models. The extension from 0.1 Hz to 0.2 Hz is important for future studies of the
source parameters of larger events (e.g. time functions and slip inversions).
The next step to be done is the inversion based on more than a single earthquake in the
studied region with the objective to strengthen reliability of the velocity model. It would
be particularly useful to prove that the velocity model is actually better than the previous
ones using waveforms of an event not included in the inversion. The velocity model
developed in the present paper might serve as a good starting point for such a future study.
We leave this study for a separate paper for a couple of reasons: it will be much more
extensive and will require special detailed re-locations and focal mechanism
determinations. Optimally it will need relatively large events (M ~ 5) which are not
frequent in the studied region.
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