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SUMMARY Many situations of practical interest involving seismic wave modelling require curved interfaces and free-surface topography to be taken into account. Collocation methods, for instance pseudospectral or finite-difference algorithms, are attractive approaches for modelling wave propagation through these complex realistic models, particularly in view of their ease of implementation. Nonetheless, these methods formulated in Cartesian coordinates are not well suited to such models because the sharp interfaces and free surface do not coincide with grid lines. This leads to a slow convergence rate, resulting in visible artefacts such as diffractions from staircase discretizations of interfaces and the free surface. Such problems can be overcome through the use of curved grids whose lines follow sharp interfaces and whose density increases in the vicinity of these interfaces. One approach is to solve the wave equation in Cartesian coordinates by using the chain rule to express the Cartesian partial derivatives in terms of derivatives computed in the new coordinate system. However, it is more natural to solve the tensorial form of the wave equation directly in the desired curvilinear coordinate system, making use of a transformation of a square grid onto the curved grid. The tensorial approach, which is independent of the coordinate system, requires the same number of derivatives to be computed as in the Cartesian case, whereas the chain rule approach requires 25 per cent more in 2-D and 50 per cent more in 3-D. While the tensorial approach is less computationally expensive than the chain rule method, it requires more memory. Numerical tests validate the tensorial approach by comparing the results with the analytical solution of the tilted Lamb problem. Other numerical experiments demonstrate the ability of the tensorial formulation to model wave propagation in the presence of free-surface topography. Mode conversions between Rayleigh and body waves are observed when bumps on the free surface are encountered.
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INTRODUCTION



In many situations, it is important to simulate wave propagation in models containing curved interfaces and/or free-surface topography. In such cases, the use of classical collocation methods (i.e. Cartesian grid methods) has the drawback of poor convergence rates, as evidenced by visible artefacts such as diffractions from the staircase discretization of the interfaces and free surface. In the case of curved interfaces within the model, such artefacts can be reduced by careful discretization procedures that involve 'interpolation' of the model onto the Cartesian grid (e.g. Muir et al. 1992) albeit with convergence limitations imposed by the uniform discretization. However, for the case of a free surface with topography, there seems to
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be no easy way to implement the appropriate discrete boundary conditions correctly. An approach to overcome these problems, initially introduced by Fornberg (1988) and later developed by many authors (Tessmer, Kosloff & Behle 1992; Carcione 1994; Nielsen et al. 1994; Hestholm & Ruud 1994; Tessmer & Kosloff 1994), is to solve the wave equation on a curved grid whose lines coincide with the interfaces. This is achieved by solving the wave equation written in Cartesian coordinates and involves first computing the spatial derivatives in the new coordinate system (curved grid) and then applying the chain rule to calculate the required Cartesian spatial derivatives. This method allows curved interfaces to be modelled but has the major drawback of being computationally more expensive 0 1996 RAS



Tensorial formulation of the wave equation than the Cartesian method because more derivatives must be computed. A more natural approach, which overcomes this drawback, is to solve the wave equation on the curved grid directly. This necessitates the wave equation to be written in its tensorial form, which is independent of the coordinate system. A grid transformation maps the curved grid, whose lines coincide with sharp interfaces and/or the free surface, onto a square computational grid. This enables the metric tensor, which is needed to solve the tensorial wave equation, to be computed at any point in the medium. The solution to the tensorial wave equation involves the computation of exactly the same number of derivatives as in the Cartesian case. The grid generation process ensures that the grid lines lie on the different interfaces, so that the 'non-physical' diffractions from the staircase discretization in Cartesian grids are not present. Local grid refinement in the vicinity of the interfaces (in particular the free surface) allows the convergence rate to be improved relative to Cartesian methods. Complex domains can also be discretized using grids that are orthogonal at every point in space. This leads to a reduction in the memory requirements of the tensorial approach (the off-diagonal components of the metric tensor being equal to zero) but, as underlined by Thompson, Warsi & Mastin (1985) and Nielsen & Skovgaard (1990), orthogonality is not the key requirement for a small computational error. A much more important factor is the smoothness of the variations in the size of the grid cells, which is ensured by the grid generation process (see Appendix B).
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For the purpose of numerical computations, we rewrite the wave equation in velocity-stress formulation (Virieux 1986). In 2-D, the linear momentum conservation is then
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the isotropic stress-strain relation is
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