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Summary

We calculate a complete seismic wave field using the Fourier pseudospectral method in
a simple triclinic velocity model. To identify elementary seismic waves in the complex
wave field, we compute ray-theory travel times. The velocity model is composed of two
homogeneous layers separated by a curved interface. The anisotropy of the upper layer
is triclinic. We show and discuss results of comparison between seismograms and travel
times for one common-shot gather.
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1. Introduction

This paper continues testing of the Fourier pseudospectral method started by Bucha
(2017b) where he had problems with boundary reflections and identification of one
direct wave. The author of the Fourier pseudospectral code, Ekkehart Tessmer, helped
to find better absorption parameters at the sides of the model. We used snapshots of
the complete wave field and ray-velocity surfaces to reveal the unknown wave as a direct
S wave. This wave has not been detected by our ray-theory codes. We present results
only for the vertical component of seismic wave field.

The original motivation for the tests was to perform ray-based Kirchhoff prestack
depth scalar migration studies in inhomogeneous weakly anisotropic media and test
the coupling ray-theory. Ray-theory software package ANRAY and packages MODEL,
CRT, FORMS do not offer possibility to calculate coupling ray-theory S waves in models
with interfaces. In order to compute synthetic seismograms (recorded wave field), we
test the Fourier pseudospectral method (Tessmer, 1995), which enables to calculate
synthetic seismograms in 3D heterogeneous anisotropic velocity models with interfaces.
We test Fourier pseudospectral method (FM) in a simple triclinic velocity model with
one curved interface. To identify elementary waves in the complex wave field, we use
ray-based ANRAY software package and compute travel times of twelve elementary
waves, both direct and reflected.

The dimensions of the velocity model and shot-receiver configuration for the ray-
theory method are the same as in the previous papers by Bucha (e.g., 2012, 2013,
2017a), where we studied the sensitivity of the migrated images to incorrect anisotropy,
to incorrect gradients of elastic moduli or to incorrect rotation of the tensor of elastic
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Figure 1. Velocity model with a curved interface. The horizontal dimensions of the velocity model
are 0 km ≤ x1 ≤ 9.2 km, 0 km ≤ x2 ≤ 10 km and the depth is 0 km ≤ x3 ≤ 3 km. The velocity model
contains one curved interface which is non-inclined in the direction perpendicular to the source-receiver
profile. The two-point rays of the converted PS2 wave for one shot-receiver configuration (shot 1) are
displayed.

moduli. The simple anisotropic velocity model is composed of two homogeneous layers
separated by one curved interface that is non-inclined in the direction perpendicular to
the source-receiver profiles. The anisotropy in the upper layer is triclinic and is thus not
mirror symmetric. The bottom layer is isotropic. The velocity models for the Fourier
method are extended by absorption stripes at the sides.

We display and discuss results of comparison between the Fourier method complete
wave field and the ray-theory travel times of twelve elementary waves calculated for one
common-shot gather.

2. Triclinic velocity model

The dimensions of the velocity model and measurement configuration are derived from
the 2-D Marmousi model and dataset (Versteeg & Grau, 1991). The horizontal dimen-
sions of the velocity model are 0 km ≤ x1 ≤ 9.2 km, 0 km ≤ x2 ≤ 10 km and the depth
is 0 km ≤ x3 ≤ 3 km.

Fourier method synthetic seismograms and ray-theory travel times are computed
in the velocity model composed of two homogeneous layers separated by one curved
interface (see Figure 1). The curved interface is non-inclined in the direction of the x2

axis which is perpendicular to the source-receiver profile. The medium in the upper
layer of this velocity model is triclinic and is represented by the dry Vosges sandstone
(Mensch & Rasolofosaon, 1997). The triclinic anisotropy is asymmetric with respect to
vertical planes. The matrix of density-reduced elastic moduli in km2/s2 reads
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The bottom layer in velocity model is isotropic and the P-wave velocity in the
bottom layer is Vp = 3.6 km/s. The S-wave velocity is Vs = Vp/

√
3.
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The S1 and S2 ray-velocity surfaces for triclinic anisotropy have many common,
singular points (for figures refer to Bucha, 2017b). Some parts of the surfaces are
concave or intersect. All these anomalies cause problems to ray-theory calculation in
some directions.

3. Shot and receivers

The measurement configuration is derived from the Marmousi model and dataset (Ver-
steeg & Grau, 1991). For our tests we use the first common-shot configuration only.
The profile line is parallel with the x1 coordinate axis. For ray-theory travel time cal-
culations, the shot is 3 km from the left-hand side of the velocity model (see Figure 1)
and the depth of the shot is 0.025 km. The number of receivers per shot is 96. The
first receiver is 0.425 km from the left-hand side of the velocity model, the distance
between the receivers is 0.025 km, and the depth of the receivers is 0 km. To calculate
the Fourier method seismograms, we use models enlarged by absorbing stripes at the
sides, hence the common-shot configuration has to be shifted with respect to the new
sides and starts at different coordinates.

4. Fourier pseudospectral method

To calculate the complete wave field for one common-shot gather, we apply code
FT43DANX by E. Tessmer (Tessmer, 1995). The code is based on the Fourier method
(FM), a kind of pseudospectral method (e.g., Kosloff & Baysal, 1982). The code
FT43DANX was previously used to test the accuracy of coupling ray theory and stan-
dard ray theory results in 3D inhomogeneous, weakly anisotropic media without inter-
faces (Pšenč́ık, Farra & Tessmer, 2011; Bulant et al., 2011). This implementation of
the FM is applicable to any type and strength of anisotropy. It works equally well in
regular as well as in singular regions of the ray method.

In the Fourier method, spatial first derivatives in the elastodynamic equation are
calculated with very high accuracy in the wavenumber domain using fast Fourier trans-
forms (FFT) as follows: (a) forward FFT of the wave field along the desired direction,
(b) multiplication of the components of the wavenumber spectrum with the respective
wave numbers times the imaginary unit, and (c) inverse FFT of the result of (b). Com-
putations with the Nyquist wave numbers are avoided by using odd-numbered FFT
lengths. For more information about the Fourier method refer to Tessmer (1995) and
Pšenč́ık, Farra & Tessmer (2011).

The algorithm is based on a regular numerical grid. For simple structures with
horizontal layering, the input parameters for velocity model are located in the main
ASCII input file. The velocity model for our tests contains a curved interface. In such
a case, the input structure for code FT43DANX needs to be gridded and saved in a
separate binary file. We performed gridding of the velocity model using MODEL and
FORMS packages (Červený, Klimeš & Pšenč́ık, 1988; Bucha & Bulant, 2017). There
are two limitations for setting grid sizes. The first is that the grid size numbers must
be factorizable into the factors up to 23, and the FFT algorithm is the more efficient
the smaller factors are. The second limitation is connected with the first one, the grid
sizes must be odd numbers.

To avoid wrap-around or boundary reflections, the model is surrounded by sponge-
like absorbing regions (Cerjan et al., 1985). This requires the numerical grid to be
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extended at its sides. We present calculations with 50 grid points at the sides of the
model which seem to be slightly better than for 20 grid points.

We use an explosive source for calculation of ray-theory synthetic seismograms.
The source-time function is a Gabor wavelet, exp[−(2πf/γ)22t2] cos(2πft), with the
dominant frequency f = 25 Hz and γ = 4. The time step for wave field calculation is
0.004 s and the propagation time starts at 0 s and ends at 2.5 s. The source must be
away from the surface. Sources and receivers should be at least 5 grid points away from
the absorbing boundaries. Source and receiver positions are specified by grid indices.

Due to the above mentioned limitations and requirements, it is not easy to find
the suitable computational grid parameters. Moreover, numerical algorithms based
on pseudospectral methods are computationally more expensive than finite-difference
methods. We tested the Fourier method with various values of input parameters. The
results in the paper correspond to our best selection up to date.

5. Ray-theory travel times

Ray-theory travel times in the triclinic velocity model are computed using the ANRAY
software package (Gajewski & Pšenč́ık, 1990). 3-D ray tracing is used to calculate the
two-point rays of 12 elementary waves: direct P, S1, S2 waves, reflected P, S waves
and converted waves. The source is an explosion and the source wavelet is the Gabor
function with the prevailing frequency of 25 Hz, and the time step is 0.004 s. The
same wavelet as in the Fourier method calculations is applied. For comparison with FM
seismograms, we use the plots of travel times because they are more illustrative than
the plots of seismograms of individual elementary waves.

6. Comparison of seismic wave field and travel times

The Fourier method calculates many waves in regions where the ray-theory method
fails. For plotting of Fourier method (FM) seismograms, we use the Seismic Unix
plotting tools (Cohen & Stockwell, 2013). We display ANRAY travel times together
with converted FM seismograms using MODEL and FORMS packages. We use different
amplitude scaling for converted FM seismograms to make the figures with travel times
clearer. Seismograms and travel times are plotted up to the time 2.5 s. In the paper,
we show the FM results for enlarged model with 50 absorption grid points at the sides
of the velocity model.

The velocity model with 50 absorption grid points at the sides of the model use
numerical grid 495 × 225 × 243 grid nodes in x1, x2 and x3 directions, respectively.
The grid steps are 0.025 km. The horizontal dimensions of the velocity model are 0 km
≤ x1 ≤ 12.35 km, 0 km ≤ x2 ≤ 5.6 km and the depth is 0 km ≤ x3 ≤ 6.05 km. The shot
is 4.2 km from the left-hand side of the enlarged velocity model and the depth of the shot
is 2.025 km. The number of receivers per shot is 96. The first receiver is 1.625 km from
the left-hand side of the velocity model, the distance between the receivers is 0.025 km,
and the depth of the receivers is 2 km.

The author of the Fourier pseudospectral code, Ekkehart Tessmer, recommended
us better absorption parameters at the sides of the model. The improvement is obvious
when we compare Figure 3 with Figure 4. A relatively strong wave starting at 1.8 s (at
the left hand side) in Figure 3 is not detected in Figure 4. Figure 3 was calculated with
old absorption parameters (Bucha, 2017b). We suppose that this wave most probably
belongs to the reflection from the free surface.
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Figure 2. Section of the enlarged velocity model with 50 absorption grid points for the FM calculation.
The dimensions of the section are 0 km ≤ x1 ≤ 12.35 km and 0 km ≤ x3 ≤ 6.05 km. The velocity model
contains one curved interface which is non-inclined in the direction perpendicular to the source-receiver
profiles. Shot S1 is at the depth=2.025 km, shot S2 is at the depth=2.275 km and shot S3 is at the
depth=2.775 km. The first receiver is 1.625 km from the left-hand side of the velocity model, and the
depth of the receivers is 2 km.

It is not easy to recognize elementary waves in the complete wave field calculated
by the Fourier method. Figure 5 with ray-theory travel times of 12 elementary waves
should help to identify some parts of FM seismograms. Direct P, S1 and S2 waves are
denoted by coloured octagon symbols. Reflected P, S1, S2 and converted waves are
denoted by coloured asterisk symbols. Some of travel time curves or parts of them fit
arrivals in FM seismograms. Some of them are questionable.

To see the details of the FM seismogram and the ray-theory travel times, we display
in Figure 6 one trace at receiver 33 (from the left-hand side of Figures 4 and 5). The
detailed view shows some other wave in the part between the direct P and S2 wave.
The amplitude of this wave is the strongest in the seismogram. The unknown wave is
better visible in Figure 7 where we plot one trace at receiver 1 and we shortened the
plotted time interval.

To reveal the wave between the direct P and S2 wave we firstly calculated seis-
mograms for two other different depths of the source (see Figure 2). The position of
receivers is for all tests the same. Seismogram in Figure 7 corresponds to the source S1
(original position) at the depth=2.025 km. Figure 8 shows seismogram for source S2 at
the depth=2.275 km. Note that the amplitude of the unknown wave is relatively smaller
than in Figure 7. Seismogram for the last tested source S3 at the depth=2.775 km is dis-
played in Figure 9. Here the unknown wave is not present. Figure 10 shows seismograms
for source S3 and all 96 receivers (compare with Figure 4). Tests with different depths
of the source revealed that the existence of unknown wave is directionally dependent.

In the next step of our tests, we calculated and plotted snapshots of the wave field
(Figure 11). It is obvious that the unknown direct wave between P and S2 wave is
also S2 wave caused by triplication. For comparison we plotted ray-velocity surfaces.
Figure 12 displays the sliced P, S2 and S1 wave ray-velocity surfaces for the triclinic
anisotropy. The triplication of S2 wave is visible. The reason why we did not detected
revealed S2 wave by the ray-theory code will be subject of further study.
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Figure 3. Seismograms calculated using the FM method, with old absorption parameters, for one
common-shot gather.
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Figure 4. Seismograms calculated using the FM method for one common-shot gather. Amplitudes
are filled and magnified more than in Figure 5.
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Figure 5. Seismograms calculated using the FM method and travel times calculated using the ANRAY
package for one common-shot gather. Plotted travel times correspond to the direct P, S1, S2, reflected
P, S and converted waves. The 12 elementary waves, ordered approximately according to travel time
from the smallest, are direct (octagon symbol) P wave, S2 wave, S1 wave, reflected (asterisk symbol)
PP wave, PS2 wave, PS1 wave, S2P wave, S1P wave, S2S2 wave, S1S2 wave, S2S1 wave and S1S1

wave.
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Figure 6. Seismogram calculated using the FM method and travel times calculated using the ANRAY
package for receiver 33 (from the left-hand side of Figures 4 and 5). Plotted travel times correspond
to the direct P, S1, S2, reflected P, S and converted waves. The 12 elementary waves, ordered approx-
imately according to travel time from the smallest, are the direct (octagon symbol) P wave, S2 wave,
S1 wave, the reflected (asterisk symbol) PP wave, PS2 wave, PS1 wave, S2P wave, S1P wave, S2S2

wave, S1S2 wave, S2S1 wave and S1S1 wave.
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Figure 7. Seismogram calculated using the FM method for receiver 1 (from the left-hand side of
Figures 4 and 5). We use source S1 at the depth=2.025 km, receivers are at the depth=2.000 km.
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Figure 8. Seismogram calculated using the FM method for receiver 1 (from the left-hand side of
Figures 4 and 5). We use source S2 at the depth=2.275 km, receivers are at the depth=2.000 km.
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Figure 9. Seismogram calculated using the FM method for receiver 1 (from the left-hand side of
Figures 4 and 5). We use source S3 at the depth=2.775 km, receivers are at the depth=2.000 km.
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Figure 10. Seismograms calculated using the FM method for 96 receivers. We use source S3 at the
depth=2.775 km, receivers are at the depth=2.000 km.
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Figure 11. Snapshot of the wave field for one common-shot gather.

7. Conclusions

We have presented improved results of comparison between the Fourier method syn-
thetic seismograms and the ray-theory travel times for one common shot gather. New
absorption parameters at the sides of the model suppressed better boundary reflections.
Snapshots of the complete wave field and ray-velocity surfaces helped us to reveal the
unknown wave as direct S2 wave. This wave was not detected by the ray-theory code.
We have presented results only for vertical component of seismic wave field.
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