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SUMMARY

We present a hybrid method to simulate the propagation of short-period teleseismic body waves
through 3-D regional models. The incident wavefield is computed in an spherically symmetric
reference earth model based on the direct solution method. The global and regional wavefields
are matched at the boundaries of the regional mesh. In the regional domain, we implement a
spectral-element method with absorbing boundaries to cancel the outgoing scattered wavefield.
The hybrid method is successfully benchmarked against the direct solution method in the
reference earth model iasp91. The potential of the method is illustrated by computing short-
period P-wave synthetic seismograms in a 3-D model with a 20 km Moho offset and/or
topography on the free surface, focusing on the actual example of the Pyrenees.

Key words: Body waves; Computational seismology; Wave scattering and diffraction; Wave

propagation.

1 INTRODUCTION

In the last decade, deployments of dense regional arrays such as the
USAurray transportable array have considerably improved our capac-
ity to image the interior of the Earth. However, the exploitation of
the wealth of information coming from these new and large amounts
of high-quality broadband data still heavily relies on asymptotic ap-
proaches. For example, most regional body wave tomographies are
still performed within the framework of asymptotic ray theory (e.g.
Burdick et al. 2008; Roth ez al. 2008), a practice that dates back to
the pioneering work of Aki et al. (1977). For the sake of efficiency,
the few finite-frequency tomography studies at the regional scale
(e.g. Hung ef al. 2004; Sigloch et al. 2008) all used sensitivity ker-
nels computed with the asymptotic approach introduced by Dahlen
et al. (2000), thus neglecting the near-field effects that are impor-
tant in the vicinity of seismological stations (Favier et al. 2004).
In addition, their computations were performed in a spherically
symmetric reference earth model. In principle, these shortcomings
can be overcome by recently developed full-wave approaches (e.g.
Akgelic et al. 2003; Fichtner et al. 2008; Liu & Tromp 2008; Tromp
et al. 2008) but these methods still suffer from a heavy computa-
tional cost, which limits their application to periods larger than a
few seconds only, even at the regional scale (Tape et al. 2009). Mi-
gration of receiver functions (e.g. Bostock et al. 2001, 2002; Audet
et al. 2009) to obtain fine images of internal discontinuities such
as the Moho or the lithosphere—asthenosphere boundary is another
rapidly developing field for which the benefit of using dense re-
gional deployments is the most rewarding. However, these imaging

approaches still extensively rely on asymptotic theories to obtain
migrated images and do not fully account for all the complexity
that may affect wave propagation in 3-D media.

Various efforts to close the gap between tomographic imaging
based upon ray theory and waveform inversion at the regional scale
have been reported in a number of studies. For example, Wen &
Helmberger (1998) developed a hybrid method combining gener-
alized ray theory for propagation in the global Earth and finite
differences in a 2-D Cartesian rectangular region near the core—
mantle boundary. A similar approach was later used to model wave
propagation in a 2-D heterogeneous and anisotropic upper mantle
Zhao et al. (2008). While these methods are efficient, they suf-
fer from serious limitations such as considering 2-D heterogeneous
domains with a Cartesian geometry. More recently, Roecker et al.
(2010) modelled the propagation of an incident plane wave based
on finite differences in a 2.5-D heterogeneous domain. This ap-
proach neglects the sphericity of the Earth and the curvature of
the incident wave front. In addition, since it is restricted to prob-
lems with a cylindrical symmetry, its potential for exploiting real
data sets is limited. A 3-D hybrid method involving coupling be-
tween the spectral-element method (SEM) in an outer 3-D spherical
shell and a normal-mode solution method in an inner sphere was
proposed by Capdeville ez al. (2003). Since full normal-mode cat-
alogues are very difficult to compute accurately below 8 s, this
method is well adapted for problems involving long-period surface
waves but less so for short-period teleseismic body waves. A first at-
tempt at developing a 3-D hybrid method to model teleseismic body
waves in a regional domain is reported in Chevrot et al. (2004).
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In that study, a spectral-element method was used in a regional
mesh to model the propagation of SKS waves through heteroge-
neous anisotropic media. However, that approach is also severely
limited by the fact that the regional domain is embedded inside
a homogeneous background medium and that the incoming wave
fronts are planar.

From this short overview, it is clear that efficient numerical meth-
ods that would allow seismologists to model short-period teleseis-
mic body waves in 3-D media are strongly needed, if they are to
perform waveform inversion of seismograms recorded by dense re-
gional broadband arrays. Hereafter, we present such a method, and
we carefully validate and benchmark it versus the direct solution
method (DSM) in the reference earth model iasp91. We then illus-
trate its potential by computing synthetic seismograms in models
with a 20 km Moho offset and/or topography at the free surface for
an actual example taken in the Pyrenees.

2 THEORY AND OUTLINE OF THE
METHOD

Domain Reduction Methods are particularly attractive when the
source is located far from the local structures and if one wants to
perform a sequence of simulations for this source with variable
local structures. This property has been extensively exploited, for
example, to investigate site effects resulting from topography (e.g.
Bouchon et al. 1996) or sedimentary basins (e.g. Yoshimura et al.
2003). It is also particularly relevant in high-resolution imaging
based upon waveform inversion of teleseismic body waves at the
regional scale, an aspect that has so far received comparably little
attention from the seismological community. In this case, the main
difficulty is to compute exact synthetic seismograms in the global
Earth for periods as short as 1 s, which are still beyond the reach
of 3-D modelling at the global scale. Indeed, the current practical
limit for a few simulations performed on large clusters of computers
is around 5 s (e.g. Komatitsch et al. 2008, 2010) and the current
maximum for a single run on the largest computers in the world
is around 2 s (Carrington et al. 2008), while the resolution of an
iterative inverse problem would typically involve hundreds to thou-
sands of runs. In this study, we have thus decided to couple a 1-D
global method to a 3-D regional method. Each method provides
very accurate solutions of the wave equation in its own domain of
validity, and the problem is thus to make the global and regional
wavefields match on the boundaries of the regional mesh. The cou-
pling approach we develop is general. Should the 3-D computations
at the global scale become feasible, it would be straightforward to
replace the incident wavefield computed in a spherically symmetric
earth model by the incident wavefield computed in a 3-D global
model. The benefit of the hybrid method would still be important
because it would restrict the later computations inside the limited
regional domain, which would considerably speed up the compu-
tations of synthetic seismograms, a critical point in the perspective
of iterative waveform inversion. In any case, contributions of 3-D
global propagation effects are expected to be small, especially for
waves having their turning well above the CMB, because the tele-
seismic waves that reach the regional domain are produced by very
distant sources and follow almost identical paths. Therefore, they
sense little, if any, heterogeneities outside the regional domain. In
the following, we review the advantages and shortcomings of the
most widely used techniques to compute synthetic seismograms
in spherically symmetric earth models, and justify our choice to
use the DSM, which is a Galerkin method introduced by Geller &
Ohminato (1994).

2.1 Numerical methods to compute synthetic
seismograms in a spherically symmetric earth model

The development of methods to compute synthetic seismograms in
a spherical earth model has a long history. The computation of nor-
mal modes initiated in the late fifties (Alterman et al. 1959). Since
then, normal-mode summation has been widely used to compute
long-period synthetic seismograms, which are essential ingredients
in the inversion of moment tensor solutions (Dziewonski et al. 1981)
and in the determination of the spherical and aspherical structure of
the Earth (Dziewonski & Anderson 1981; Woodhouse & Dziewon-
ski 1984). This approach is still widely used in surface wave to-
mography at both global and regional scales (e.g. Chevrot & Zhao
2007; Ritsema et al. 2011). Its main advantage is that it provides
exact synthetic seismograms, including the effects of anelasticity,
Earth’s rotation and gravity, for a small computational cost. Its main
shortcomings are that the computation of spheroidal modes at pe-
riods below 8 s is difficult (e.g. Al Attar & Woodhouse, 2008),
and that the number of modes that need to be summed increases
dramatically with frequency. Thus, while normal mode methods
are ideally suited to the computation of long-period seismograms,
they are not suited to modelling short-period teleseismic body-wave
records.

To compute solutions of the wave equation at short period, differ-
ent techniques have been proposed, which involve different types of
approximations. Both the generalized ray theory (e.g. Helmberger
1974) and WKBJ method (e.g. Chapman & Orcutt 1985) rely on ray
expansions. Therefore, these methods are very efficient for com-
puting short-period synthetic seismograms. However, they fail in
shadow zones and for ray turning points close to an internal discon-
tinuity. In addition, they necessitate identification and summation
of all the rays that contribute to a slowness integral, which com-
plicates their implementation. Full-wave theory (Richards 1973)
avoids some of the drawbacks of the WKBJ method. However, it
involves the evaluation of complex integrals along a contour in
the complex slowness plane which needs to be defined a priori for
each particular phase and frequency. The reflectivity method (Fuchs
& Miiller 1971) provides nearly complete solutions in spherically
symmetric earth models but relies on an Earth-flattening transfor-
mation that is exact for SH waves but not for P and SV waves.
To summarize, while these approaches are all very efficient from a
computational point of view, they do not always provide exact or
complete solutions of the wave equation. In addition, their imple-
mentation can be cumbersome and needs to be tuned for each part
of the seismic wavefield of interest.

In the nineties, new methods were developed to obtain very ac-
curate solutions of the seismic wave equation in a spherical Earth
model. These solutions give a set of expansion coefficients of the
displacement vector in the basis of vector spherical harmonics. The
DSM is a Galerkin method that solves the weak form of the equa-
tion of motion in the frequency domain (e.g. Geller & Ohminato
1994; Geller & Takeuchi 1995; Kawai et al. 2006). By carefully
tuning the vertical grid spacing, maximum angular order and cut-
off depth, the calculations can be made efficient while keeping high
accuracy, even at frequencies as high as 2 Hz (Kawai et al. 2006).
The GEMINI method (Green functions of the Earth by MINor
Integration) directly solves for the expansion coefficients of dis-
placement by numerically integrating spherical systems of coupled
first-order ordinary differential equations with respect to the verti-
cal coordinate using second-order minors (Friederich & Dalkolmo
1995). Both methods provide expansion coefficients of displace-
ment in the Fourier domain as a function of radial and angular
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Figure 1. Spectral-element 2° x 2° regional grid with the topography of the Pyrenees taken from etopol. The receivers are positioned along an N-S profile

with an interstation spacing of 0.1°.

orders. In the following, we will focus on the DSM method and de-
scribe the different steps required to couple the global and regional
domains.

2.2 SEM for 3-D seismic wave propagation inside the
regional domain

In the 3-D regional domain, we use a spectral-element method
(SEM) (e.g. Tromp et al. 2008), which is a highly accurate tech-
nique to model seismic wave propagation in elastic or anelastic me-
dia. The SEM is based upon the variational (or weak) form of the
seismic wave equation. Because it uses high-degree polynomial ba-
sis functions, can handle very distorted meshes (Oliveira & Seriani
2011) and does not necessitate interpolation of material properties,
it is highly accurate and allows one to include all the complex-
ity that may affect the seismic wavefields: topography of the free
surface and of internal discontinuities, anelasticity, anisotropy and
lateral variations of elastic parameters and density. The SEM is a
continuous Galerkin technique, which can easily be made discon-
tinuous (see e.g. Wilcox et al. 2010 for a review); it is then close to
a particular case of the discontinuous Galerkin technique (see e.g.
Falk & Richter 1999; Hu et al. 1999; Riviere & Wheeler 2003) in
the context of seismic wave modelling), with optimized efficiency
because of its tensorized basis functions. Note that in most geo-
logical models in the context of seismic wave propagation studies
(except for fault dynamic rupture studies), a discontinuous mesh is
not needed because material property contrasts are not drastic, and
thus a continuous formulation is sufficient. This is particularly true
at the scale of the full Earth.

2.3 Coupling 1-D global and 3-D regional numerical
modelling techniques

The 3-D regional mesh is embedded in a spherically symmetric
global earth model. To simulate seismic wave propagation in that
regional mesh, we need to introduce the incident wavefield gener-
ated by the distant source that has propagated through the global
model, and we also need to absorb the outgoing waves diffracted
by the 3-D regional model. To do so, we implement a simplified
version of the method suggested by Bielak & Christiano (1984), in
which absorbing boundary conditions are applied to the diffracted
field only. We write the total displacement vector u as the sum of
the incident wavefield u, and of the diffracted wavefield uq. The in-
cident wavefield is computed based upon DSM at all the grid points
on the edges of the regional domain in the global 1-D model. There
is no upper frequency limit in the spectral-element part of the cal-
culation, and thus the only upper limit of the hybrid technique is the
highest frequency that the DSM technique can compute, i.e. about
2 Hz. We compute the total field in the mesh using the SEM and then
apply the absorbing boundary condition to uy = u — uy. We cur-
rently use paraxial absorbing boundary conditions (Stacey 1988),
the efficiency of which, as will be shown in the following, is quite
satisfactory. Note that more efficient convolution perfectly matched
layers (C-PMLs) absorbing layers could be used if necessary (see
e.g. Martin et al. 2008).

Implementing paraxial absorbing conditions to the diffracted field
only implies knowing both traction and velocities produced by the
incident wavefield on the absorbing boundaries of the grid, because
they must be subtracted from the total field before applying the
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Figure 2. Vertical (top) and radial (bottom) components of synthetic seismograms computed by the hybrid method (black lines) and by the DSM (red lines) in
the reference earth model iasp91 for an explosive source located at 600 km depth.

absorbing conditions. Both are easily computed with DSM as de- of motion (e.g. Takeuchi & Saito 1972; Kawai et al. 2006):
scribed below because by construction of our coupling technique,

the material properties along those boundaries are those of the 1-D (@’T—H+R)e = —g, 1)
global model.

where T is the mass matrix, H is the stiffness matrix, g is the force
vector and R is the matrix operator corresponding to the natural
boundary condition. The explicit form of the matrix and vector
2.4 Computation of traction in the global spherical model elements is

The DSM computes the solution of the weak form of the equation of mNE ()
motion by directly solving the Galerkin weak form of the equation Lo = /V (d’[ ) pg;dV, @)
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Figure 3. Differences between the vertical (top) and radial (bottom) synthetic seismograms computed by the hybrid method and by the DSM shown in Fig. 2,

exaggerated by a factor of 10.

Hmn = -/;/(¢l(n]l))*ctjkl¢l(¢nl)dV’ (3)

Rmn = /(¢§”Z))*Sij¢;n)ds» (4)
N

g = [ @) v, )

where p and Cyy are, respectively, the density scalar and stiffness
tensor, and f the excitation of the source. The displacement vector
is then given by a linear combination of N vector trial functions

@i(n):

N
wi(r) =Y cupi (n)(r). (6)

n=1

We use linear interpolation functions X;(r) to describe the vertical
variation of displacement:

(r —re=1))/(re — re-) Tk—1 <7 =g,
Xi(r) = i1 — 1)/ (i1 — 11)

0 : otherwise,

<P < Fegl 7)

and complex vector spherical harmonics S}, , S7, and T}, to describe
the lateral variation of displacement:

S1, (0, ) = (Y(6, ), 0, 0),

5 B 103Y,0,¢) 1 3Y,(0,9)

Slm(e"”)_(O’c 0 ' Lsnd  0¢ )
B 1 3Y,6,¢) 13Y,(0,9)

T’"’(0’¢)_<0’Esin9 o6 L a0 )
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Figure 4. Receiver functions in iasp91 for the line of receivers shown in Fig. 1.

where Y,,(0, ¢) are the fully normalized spherical harmonics

(2L + I\ T =m0 o
Ylm(ev ¢)=(_1) ( 47 ) [(l+m)'] le(cose)e (p;
(8)

and £ = /I(I + 1) (Takeuchi & Saito 1972).
In this vector spherical harmonics basis, the displacement vector
is given by
u(r,0,¢) = Y Unn()S},, + Vin ()8}, + Wi ()T, ©)
Im

where the radial functions are related to the radial trial functions
through:

Unn(r) = Y chuXi(r). (10)
k
Vin(r) = Y ¢ Xur), (11)
k
Win(r) =Y cy Xi(r). (12)
k
Once the displacement is obtained, we can compute the partial
derivatives of displacement with respect to 7, 8 and ¢ as follows:
a dUlm(r) 1 dVlm(r) 2 dVVIm(r)
—_ s 0’ = S S T ms
ot OO = L g, S T St Ty,
(13)
d a d a
vy L0, = Ui 7S1 Vim 782 Wim — T,
55100, 9) [Z ()5St Vi) 5585+ Win ()2 2T
(14
d a d
—u(r,0,¢) = Y Un()—=S), + Vin(r)—S],
550 ® IZ () 55 im & Vin() 5283
d
+VVlm(r)7Tlm- (15)

99

The derivatives of the trial functions S}, , S?, and T;,, with respect

to ¢ and 6 are obtained analytically, using the following identities:

8)71”1

2% =imY,, (16)
and
dP,, cos 6
=m—->2~"P, — Pp_i. 17
do " sing fm=1 an

To obtain the derivatives of displacement with respect to the radial
direction, we first interpolate the displacement with polynomials of
degree 2. We then use the polynomial coefficients to compute the
partial derivatives along the radial direction. To obtain the tractions
on the edges of the regional 3-D domain, we first need to compute
the strain from the displacement using (Takeuchi & Saito 1972):

u,

G = oo (18)
=t o, (19)
€pp = @%4-;“9 cot@—f—%ur, (20)
o =5 silne Zlg + % B ;%’ @2)
€op = %%—;u(pcot@—{—rsilne%. (23)
We then obtain the components of the stress tensor:

O = (A + 206, + Mego + €44), (24)
0go = A€ + (A + 2u)(€pp + €pp) — 21€p4, (25)
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Figure 5. Snapshots of the vertical component of the total wavefield in the model with a 20 km Moho offset observed in the vertical great-circle plane.

Opp = A& + (A +21)(€00 + €pg) — 210600, (26)
Opp = H€og, @7
04 = Heg, (28)
Org = U€rg, (29)

from which we can compute the traction t = ¢ - n on any surface
defined by its unit normal n. The components of traction are then
projected from the geocentric reference frame to the regional SEM
grid coordinate system. The three traction components of all the
points located on the edges of the regional 3-D domain are com-
puted once and for all and stored on a hard drive. They are read
back at the beginning of each SEM run and stored in memory. A
similar approach has been used to compute complete traveltime and
amplitude sensitivity kernels for short-period teleseismic P waves
in Fuji et al. (2012).

3 VALIDATION

Let us benchmark our hybrid method against the DSM in the iasp91
reference earth model (Kennett & Engdahl 1991). We consider an

explosive source at 600 km depth, located 65° south of the centre
of the regional grid shown in Fig. 1. The tractions and velocities are
computed with DSM at frequencies up to 1.06 Hz, which requires
summing the contribution and filtered with a low-pass Butterworth
filter of order 6 and a cut-off frequency of 0.67 Hz, for all the
nodes located on the edges of the regional grid (see, for example,
Komatitsch & Tromp 1999 for a description of the mesh). In the
DSM calculation, we consider a maximum angular order / such that
the absolute values of the expansion coefficients are larger than 0.1
per cent of the maximum coefficient for each frequency at the free
surface. For example, a 600 km deep earthquake requires summing
the contribution of vector spherical harmonics to the vector dis-
placement up to angular order 15 000 for a frequency of 1 Hz. The
vertical grid spacing Ar to compute the tractions with DSM is given
by

128%(r) »

2 __
Arf = =

1073, (30)

where B is the shear wave velocity at radius » and w the pulsation.
We thus use a finer vertical grid spacing at higher frequency and
in depth intervals where the shear wave velocity is smaller. The
frequency content of our simulations reproduces the typical obser-
vation conditions of P receiver functions. The grid has a size of 2°
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Figure 6. Snapshots of the vertical component of the scattered wavefield in the model with a 20 km Moho offset. The scattered wavefield is the difference
between the total wavefield shown in Fig. 5 and the reference wavefield computed in model iasp91.

by 2° along the longitude and latitude dimensions and a thickness
of 150 km. The number of elements is 90 x 90 x 60 = 486 000
and the time step is 1/40 s in all the simulations. The calculations
for each of the test cases presented in the following took less than 1
hr of wall-clock time on a PC cluster using 30 processor cores for
10 000 time steps (250 s). For typical receiver function applications
involving the P wave and its coda, a simulation duration of 60 s
would be more than sufficient. This would require a computation
time four times smaller (around 15 min), and even less if one is only
interested in the P waveforms.

Fig. 2 shows the comparison of vertical and radial component
synthetic seismograms recorded by receivers located along a N—
S profile (Fig. 1). The agreement between the two independent
computations is excellent for all the traces, including those located
very close to the boundary of the mesh, and for the whole time
interval, including the very late arrivals. The small discrepancies
between DSM and the hybrid method (Fig. 3) are well below the
level of scattered waves that we aim to model. Many seismic arrivals
are observed in the coda of the P waves. Their identification is
given in Fig. 2. Note that all the identifiable phases have interacted
with an internal discontinuity (20 km, Moho, 410 km, and 660 km
discontinuities) at most once, and many have also experienced an

additional downward reflection beneath the free surface. Seismic
phases that interact more than once with any internal discontinuity
do exist but their amplitudes are much smaller and can thus be safely
neglected.

For a better separation of seismic phases in the coda of the
P wave, a common practice is to compute receiver functions by
deconvolving the radial components from the vertical components
(Langston 1979). Fig. 4 shows the receiver functions for stations
along the N-S profile, obtained with the iterative deconvolution
method of Ligorria & Ammon (1999). The P-to-S conversions on
the crustal discontinuity at 20 km depth (hereafter referred to as the
Conrad discontinuity) and on the Moho are now clearly separated
and well resolved. They arrive, respectively, 2.5 and 4.0 s after the
P wave. Their related multiples are also clearly identified at 9.0 and
12 s for the Conrad discontinuity and at 15.5 and 19.5 s for the
Moho. Weaker phases are observed at 44 and 68 s. They correspond
to the P-to-S conversions on the 410 and 660 km discontinuities,
respectively. Note that the P410s is difficult to observe between
64.7° and 65.5°, owing to an interference with the P660P phase.
Finally, the PP410P is also clearly detected around 87 s after the P
wave, with a slowness very similar to that of the P wave. The P660s
is also clearly detected at all the stations, contrary to the P410s.
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Figure 7. Vertical component synthetic seismograms in the model with a 20 km Moho offset for an explosive source located at 600 km depth.
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Figure 8. Radial component synthetic seismograms in the model with a 20 km Moho offset for an explosive source located at 600 km depth.

This observation emphasizes the need to consider a large number
of events with varying epicentral distances for a robust detection of
waves converted on deep discontinuities.

4 EXAMPLES OF COMPUTATIONS IN
SIMPLE 3-D MODELS

We have now validated the hybrid method in the iasp91 reference
earth model. In this section, let us now consider the effects of sim-

ple 3-D structures on P waveforms. In 1985 and 1986, the ECORS
reflection profile was deployed across the Pyrenees to constrain a
crustal model of the range (Choukroune et al. 1990). Data from the
ECORS profile evidenced a strong Moho offset, located approx-
imately beneath the North Pyrenean Fault, which corresponds to
the former plate boundary between Iberia and Europe. Depending
on the assumed crustal velocities, Daignicres et al. (1989) esti-
mated this Moho offset to be comprised between 15 and 20 km.
In order to get a higher resolution picture of the structure of the
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Figure 9. Receiver functions for the line of receivers shown in Fig. 1 when a Moho offset of 20 km on a vertical fault is included.
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Figure 10. Vertical component synthetic seismograms in the model with the surface topography of the Pyrenees for an explosive source located at 600 km

depth.

Pyrenees, in particular in the deeper parts of the crust and in the
lithosphere, a dense transect across the Pyrenees is currently being
deployed, roughly following the ECORS profile line. This tran-
sect is part of the PYROPE experiment, which will cover a much
broader region, from the Pyrenees to the Massif Central. Since in
the near future, we are interested in applying our hybrid method
to exploit the data from this passive experiment, we consider two
major features that may affect the seismological waveforms in this
region: a Moho jump and/or topography of the free surface. In the

following 3-D computations, the geometry of the experiment and
the regional mesh are the same as in the validation case with the
spherical reference earth model discussed in the previous section.
However, we now use a cosine taper along the edges of the grid to
suppress any structural discontinuity between the regional domain
and the spherically symmetric background model that would gener-
ate artificial scattering. Movies of the total and scattered wavefields
corresponding to the different cases can be found in the supporting
information.
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Figure 12. Receiver functions for the line of receivers shown in Fig. 1 when the topography of the Pyrenees is included.

4.1 Moho jump

We construct a very simplified model of the Pyrenean crust, with
two crustal blocks separated by a vertical fault oriented E-W, which
represents the North Pyrenean Fault. This fault is located in the
middle of the grid, 65° away from the source. In the northern block,
which represents the European crust, the crust is taken from iasp91
and is 35 km thick. In the southern block, which represents the
Iberian crust, the crust is 55 km thick at the location of the verti-
cal fault. In the southern block, crustal thickness varies smoothly

towards the south to reach a value of 35 km at the southern edge
of the grid. This smooth variation is described by a polynomial of
degree 2. Figs 5 and 6 show snapshots of the vertical component of
the total and scattered wavefields, respectively. The geometry of the
Moho jump is also displayed. The scattered wavefield has been ob-
tained by subtracting the wavefield in the reference spherical earth
model from the total wavefield with the Moho jump. Particularly
strong scattered waves are generated when the PcP and the P660s
hit the fault. Figs 7 and 8 show the vertical and radial component
synthetic seismograms for the same explosive source as before.
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Figure 13. Snapshots of the vertical component of the total wavefield in the model with the surface topography of the Pyrenees observed in the vertical

great-circle plane.

Note that there are no visible artificial reflections coming from the
edges, even for the receivers located at the southern and northern
ends of the profile, which are very close (0.2°) to the boundaries
of the regional mesh. On the vertical components, the main effect
of the Moho jump is observed on the PPmp and PPms phases, the
hodochrones of which show a pronounced curvature between 64.0°
and 65.4°, well beyond the vertical fault. Similar effects on the
PPms are observed on the radial component section. In contrast,
the effect of the Moho offset is more subtle on the Pms phase. Its
onset is clearly delayed around 64.8° but is already back to normal
at 65°. This is a consequence of the steeper incidence angle of the
Pms phase compared to the P phase. All these features are more
clearly observed on the receiver function profile as shown in Fig. 9.
The Moho offset also generates scattered waves that radiate from
the bottom part of the vertical fault. Another notable effect of the
Moho offset is the deflection of the P and pP (and its pmP precursor)
towards vertical incidence, which reduces their amplitudes on the
radial component.

4.2 Topography of the free surface

Topography of the free surface also perturbs the seismic wavefield.
To quantify this effect, we now introduce the topography of the

Pyrenees extracted from etopol (http://www.ngdc.noaa.gov) in the
top of the regional mesh (Fig. 1). The typical distance between two
grid points at the surface is about 1200 m, while the sampling rate
of topography in etopol is about 1.8 km.

Figs 10 and 11 show the vertical and radial components for
synthetic seismograms recorded by the N-S line of receivers. Sur-
face topography has a strong signature on both vertical and radial
components. The topographic heights of the Pyrenees, located ap-
proximately in the middle of the profile, radiate energy both south-
wards and northwards, but the radiation is stronger in the forward
propagation direction. These waves have a very large apparent slow-
ness (around 30 s/deg) and are observed on both the vertical and
radial components, which suggests that they are Rayleigh waves.
These Rayleigh waves are clearly observed on the snapshots of the
vertical component wavefield in the upper crust (Fig. 13). They
produce a complex and coherent wavefield that trails the P wave
front (Fig. 14). It is interesting to note that the part of the sig-
nals that is contaminated by these Rayleigh waves gets longer for
larger distances from the centre of the range. Topographic effects
are still strong in the seismograms at stations located more than
100 km outside the range. Conversions and reflections on inter-
nal discontinuities are clearly enhanced in the receiver function
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Figure 14. Snapshots of the vertical component of the total wavefield in the model with the surface topography of the Pyrenees observed at the free surface.

120 @unr gz uo uasn O1 S| - SUND Aq 022£6G/0€2/1/261/2101e/1B/wod dnoolwepese//:sdiy woly papeojumoq



A hybrid method to compute short-periodsynthetic seismograms 243
T T T T T T T T T
—~ 0.4F .
n
= 0.3 b
o 021 . B
O o1} . R
1 1 1 1 1 1 1 1 1
64 642 644 646 648 65 65.2 654 656 658 66
9 T T T T T T T T T
SRR 1
(0] L]
E e L R
So9f . 1
< 0.8 1 1 1 1 1 1 1 1 1
64 642 644 646 648 65 65.2 654 656 658 66
- T T T T T T T T T
£ 3000 .
z
5 2000 - b
©
g
S 1000 - 1
o
= 0 1 1 1 1 1 1 1 1 1
64 642 644 646 648 65 652 654 656 658 66

Epicentral distance (deg.)

Figure 15. Perturbations of traveltimes (top), amplitudes (middle) and topography profile (bottom) along the receiver line. The red line in the top plot shows

the topography corrections that are classically used in body wave tomography.

66/ "' \ | ‘\‘ '
i Mm' M\’ ”/M WWJL ‘
3 l‘w'u 1’%@% '“""""-"w l‘a\‘]}“‘
= .W\W gﬂ..ﬁ“,tg{;&v
L ————
s ety (!
5 i g‘h'ﬂhww“ﬁ%mﬂwﬂ“’1.»!@%‘4
Al Il
S
;;#“WWMM“ ’IW‘»MW
1

P T R B L
63";?70 580 590 600 610 620 630

640 650
Time (s)

660 670 680 690 700 710

Figure 16. Vertical component synthetic seismograms in the model with both a 20 km Moho offset and the surface topography of the Pyrenees for an explosive

source located at 600 km depth.

section (Fig. 12), the appearance of which is strikingly similar to
what is typically obtained when analysing real data (e.g. Chevrot &
Girardin 2000). A notable feature in the receiver function section
is that both onsets and amplitudes of crustal multiples vary greatly
from trace to trace. This results from the downward reflection on to-
pography, which perturbs the length of reflection legs and hence the
traveltime of reflected waves, and focuses/defocuses the reflected
P wave front. These effects are difficult to predict because they
result from the interference of the incident wavefield with topog-
raphy around the bounce point, usually a few tens of kilometres

away from the receiver. In contrast, perturbations of traveltimes and
amplitudes produced by topography on the direct P wave are much
smaller and more predictable. We measure these perturbations by
correlating the synthetic seismograms for the model that includes
the topography with those computed in iasp91 (Fig. 15). There is
excellent agreement between the traveltime delays (black circles)
and the topographic corrections (red line) that are classically used in
global and regional body wave tomography. The amplitude pertur-
bations of the direct P wave are rather small, generally smaller than
4 per cent, and not correlated to topography in a simple fashion.
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Figure 17. Radial component synthetic seismograms in the model with both a 20 km Moho offset and the surface topography of the Pyrenees for an explosive

source located at 600 km depth.
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Figure 18. Receiver functions for the line of receivers shown in Fig. 1 when both the topography of the Pyrenees and a Moho offset are included.

4.3 Moho jump and topography of the free surface

Let us finally consider both the Moho jump and the topogra-
phy of the free surface to investigate their combined effects.
Figs 16 and 17 show the vertical and radial components for
synthetic seismograms recorded by the N-S line of receivers.
The curvatures of the PPmp and PPms phases are now barely
visible owing to the strong amplitudes of Rayleigh waves pro-

duced by mode conversion on topography. Fig. 18 shows receiver
functions for the line of receivers. Although this section has a
noisier appearance, it is very similar to the receiver function
section shown in Fig. 9. The deconvolution has the beneficial
effect of concentrating energy on the pulses of the different
arrivals, removing most of the signal-generated noise resulting from
mode conversion on topography of the free surface, even before
stacking.
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5 DISCUSSION

Our waveform propagation modelling of short-period teleseismic
P waves in 3-D regional media demonstrates that many coherent
phases with different slownesses have significant contributions to
the coda of the P wave. Since these phases have amplitudes compa-
rable to those of waves scattered by 3-D heterogeneities, modelling
the incident wavefield by considering a single incoming plane wave
may lead to significant artefacts in the reconstruction of the under-
lying medium by waveform inversion. We also found that even in
the rather simple models considered in this study, 3-D propagation
effects are important. These effects would be even stronger for a
backazimuth of the source outside the strike of the receiver pro-
file. Our results thus undermine waveform modelling and inversion
methods based upon simplified 2-D approaches and that consider
an isolated and single incoming plane wave.

The conversions from P to Rayleigh waves at the free surface
have a major imprint on seismograms, even far from the topo-
graphic heights of the range. In our simulations, these Rayleigh
waves are still strong more than 100 km away from their source.
We will perform more realistic simulations accounting for the ef-
fects of attenuation in the future. Nevertheless, these results are
in good agreement with the few published detailed analyses of P
coda. Characterization of seismic wave trains in the coda of the P
wave is difficult because it requires utilizing small-aperture arrays,
which explains why reliable reports of Rayleigh waves produced by
scattering on topography are scarce in the literature. An example
can be found in Bannister ef al. (1990), where it is reported that
receiver-end scattering in the region of the NORESS array is domi-
nated by P-to-Rg conversions from two nearby topographic reliefs.
Numerical simulations considering a vertically incoming plane P
wave in a model that included a realistic topography for this region
later showed evidence for strong conversions from P to Rayleigh
waves on these two reliefs (Hestholm 1999). Since they are only a
few hundred metres high, these results suggest, assuming that they
are numerically correct, that mode conversion by topography can
be important even outside elevated mountain ranges, and that they
should be accounted for and modelled accurately.

Our modelling relied on topography model etopol. Since we sim-
ulate waveforms with a wavelength of typically a few kilometres,
this topographic model is probably sufficient. However, in the near
future, we will perform benchmarks with the finer SRTM topo-
graphic model to confirm if this is really the case.

6 CONCLUSIONS

We have developed a hybrid method that couples the DSM, which is
a global propagation method, with a regional 3-D SEM, for the sim-
ulation of short-period teleseismic P waves. We have benchmarked
the method against DSM synthetics in the reference earth model
iasp91. The hybrid method can incorporate all the complexity of
the medium that may affect wave propagation inside the regional
3-D domain: lateral variations of isotropic and anisotropic elastic
parameters, anelasticity, and topography of the free surface and in-
ternal discontinuities. In this study, we have also investigated the
effects of topography of the free surface and the Moho. We have
found that topography of the free surface has a major effect on
seismic waveforms, not only at stations located in the mountain
range but more surprisingly even more so at stations located in the
plains at distances that can exceed 100 km. This suggests that it is
important to account for topography effects in waveform modelling
and inversion. The computations required only modest computa-

tional resources, opening the way for high-resolution imaging by
waveform inversion. The computation of Fréchet derivatives with
the adjoint method (e.g. Tromp et al. 2008) and their utilisation for
waveform inversion will be presented in future work.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

moho-jump.mov contains a movie showing the vertical component
of the total (top) and scattered (bottom) wavefield observed in a
vertical cross-section plane for the model with a 20 km Moho jump.
topo.mov contains a movie showing the vertical component of the
total (top) and scattered (bottom) wavefield observed in a verti-
cal cross-section plane for the model with the topography of the
Pyrenees at the free surface.

surface.mov contains a movie showing the vertical component of
the total wavefield observed on the free surface.
topo-moho-jump.mov contains a movie showing the vertical
component of the total (top) and scattered (bottom) wavefield
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observed in a vertical cross-section plane for the model with the to- Please note: Oxford University Press are not responsible for the
pography of the Pyrenees at the free surface and a 20 km Moho jump content or functionality of any supporting materials supplied by
(http://gji.oxfordjournals.org/lookup/suppl/doi: 10.1093/gji/ggs006/-/ the authors. Any queries (other than missing material) should be
DC1). directed to the corresponding author for the article.
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