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Abstract The finite-difference (FD) method is widely used for simulating complex wavefield
propagation because of its high accuracy and efficiency. However,it suffers from numerical dispersions
caused by spatial discretization with coarse grid sizes. The dispersions affect the computational
efficiency and modeling accuracy. This study investigates the relationship among numerical
dispersion error, FD operators, and the number of samples per shortest wavelength. Based on
the criterion of minimum computational cost, we propose a scheme to estimate the optimal FD

parameters, i. e. » the number of samples per shortest wavelength and the spatial order of FD
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operators. Firstly, we introduce a method called Forward Space Dispersion Transform (FSDT)
to add spatial dispersion to the reference wavefield for various scenarios of grid spacing and FD
orders; Secondly, we measure the normalized 1.2 norm of the error between the reference wavefield and
dispersed wavefield, so we can estimate the dispersion error directly to set a proper error
threshold; Finally, we study the relationship among FD coefficients, FD operator length, grid
spacing, and computational cost to find out the optimal grid spacing and FD order for giving the
minimum computational cost under a preset error threshold. We also show some numerical tests
of the relationship among the FD operator length, grid points per shortest wavelength, and
computational cost under an error threshold of 0. 01 with the finite-difference coefficients generated
using the Remez Exchange (RE) method and Taylor-series Expansion (TE) method. Based on

the tests, some FD parameters are recommended.
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Optimal parameter estimation
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Fig. 1 Simulating the spatial dispersion of the second-order
accuracy finite-difference by using the FSDT method

(a) The solid black and red curves represent the wavefield snapshot
using the pseudo-spectral method and the second-order accuracy
finite-difference method, respectively. (b) The red dashed curve is
the same snapshot as the red curve in (a), while the black curve
represents the wavefield snapshot of the pseudo-spectral method in
(a) after adding the second-order accuracy dispersion with FSDT.

(¢) The difference of the two wavefield snapshots in (b).
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Fig. 2 The spatially dispersed wavefield simulated by using the FSDT method

(a)—(d) show the predicted spatially dispersed wavefield (blue curve) of the 24,

simulated with the FSDT method, respectively. The red curve represents the dispersion-free reference wavefield snapshot.

4t 8t and 16™ order finite-difference operators

The corresponding

difference between the two waveforms is indicated by the black curve. The sample number per shortest wavelength is G=3. 125.
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Fig. 3

The spatially dispersed wavefield simulated by using the FSDT method

of 2" order finite-difference with different grid size

(a)—(d) show the predicted spatially dispersed wavefield (blue curve) with the number of samples per shortest wavelength G=100,

G=10, G=5, G=2.5.
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The red curve represents the dispersion-free reference wavefield snapshot.

The corresponding difference

between the two waveforms is indicated by the black curves.
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Fig. 4 The numerical dispersion curves of the 16™-order
accuracy RE and TE methods

G represents the number of samples per wavelength.
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Fig.5 The relationship between the orders of FD operators, the grid size,

and the computational cost with a fixed error threshold

(a) The relationship between the orders of FD operators and the grid points per shortest wavelength with RE and TE; (b) The

corresponding computational cost of (a). The wavelet is a 20-Hz Ricker. The wavefield error threshold is set to 0. 01. The propagation

distance is 3000 m.
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Fig. 6 The wavefield snapshot with the parameters of minimum computational cost

(a) The snapshots of the reference wavefield (black curve) and the spatially dispersed wavefield (red dotted curves) simulated by using TE

FSDT in the case of the minimum computational cost (i. e. , G=3.17, 2N=20). The plot of (a) in the second row shows the corresponding

error curve. (b) The same as (a) but with RE FSDT in the case of minimum computational cost (i.e. » G=2. 63, 2N=18).
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Fig. 7 A low-pass filtered Ricker wavelet

(a) Amplitude spectra of the low-pass filter; (b) Amplitude spectrum of the 20-Hz Ricker wavelet before and after low-pass filtering;

(¢) Waveforms of the 20-Hz Ricker wavelet before and after low-pass filtering.
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Fig. 8 The relationship between the orders of FD operators, the grid size,

and the computational cost with a fixed error threshold

(a) The relationship between the orders of FD operators and the grid points per shortest wavelength with RE and TE; (b) The

corresponding computational cost of (a). The wavelet is a low-pass filtered 20-Hz Ricker, the spectra of which is shown in Fig. 7. The

wavelield error threshold is 0. 01. The propagation distance is 3000 m.
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Fig. 9 The wavefield snapshot with the minimum computational cost

(a) The snapshots of the reference wavefield (black curve) and the spatially dispersed wavefield (red dotted curves) simulated by using TE

FSDT in the case of the minimum computational cost (i.e. » G=2. 65, 2N=24).
(b) The same as (a) but with RE FSDT in the case of minimum computational cost (i.e. , G=2.26, 2N=18).

error curve.

The plot of (a) in the second row shows the corresponding
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The finite difference coefficients are with (a) TE and (b) RE methods.
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Fig. 13 The single trace waveform comparison (TE, G=3.18, 2N=16)

(a) Recorded waveforms and waveform difference at Receiver 1; (b) The same as (a) but for Receiver 2. The black curve in the top row

shows the waveform computed with the pseudo-spectral method, while the dashed red curve displays the wavelorm computed with the TE

finite-difference method. The black curve in the second row shows the difference between the two waveforms.
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Fig. 14 The single trace waveform comparison (RE, G=2.7, 2N=16)

(b) Recorded waveforms and waveform difference at Receiver 15 (b) The same as (a) but for Receiver 2. The black curve in the top row

shows the waveform computed with the pseudo-spectral method, while the dashed red curve displays the waveform computed with the RE

finite-difference method. The black curve in the second row shows the difference between the two waveforms.
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