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These results do not imply that mapping lateral heterogeneity using the surface wave 
coda is impossible. In fact, it has been shown in a controlled field experiment that successful 
imaging of the surface wave coda is possible (Snieder, 1987a). However, the surface wave 
coda data at our disposal are currently too sparse to produce an accurate reconstruction of the 
lateral heterogeneity. This is exacerbated by the fact that the noise level in the surface wave 
coda is relatively high, which can only be compensated with a redundant data set. Large net
works of digital seismic stations, as formulated in the ORFEUS (Nolet et al., 1985) and PASS
CAL proposals, are necessary to achieve this goal. Alternatively, the Born inversion of the 
surface wave coda might be used in regional studies where one wishes to study tectonic 
features such as continental margins, or the boundaries of major geological formations. A sys
tem of portable digital seismographs would be very useful for this kind of investigations. 

6) Born inversion of the direct surface wave. 

Linear scattering theory can also be used to describe the distortion of the direct wave 
(Snieder, 1987b). This distortion can either be due to ray geometrical effects, or to multipath
ing effects that are not accounted for by ray theory. In the Born inversion presented in this sec
tion, the isotropic approximation is used (paper I). This means that the relative phase velocity 
perturbations are retrieved from the linear waveform inversion of the direct wave. This quan
tity is assumed to be constant within the frequency bands employed (30-40 s., 40-60 s. and 60
100 s.). A separate Born inversion is performed for each of these frequency bands, so that the 
phase velocity perturbation is determined independently for each frequency band. In order to 
justify the isotropic approximation (paper I), a time window is used to extract the direct wave 
from the complete seismograms. 

The Born inversions presented here are performed for a model of 100xlO0 cells with a 
cell size of 35x35km 2• In the Born inversion of the surface wave coda in the previous section, 
no a-priori smoothness constraint was imposed, because scattered surface waves are most 
efficiently generated by sharp lateral heterogeneities. This led to an underdetermined system of 
linear equations. For the Born inversion of the direct wave, the available data set also pro
duces an underdetermined system of linear equations. One alternative would be to increase the 
cell size, but according to the example of figure 7 in paper I, rather small cells are needed to 
produce the required focusing/defocusing. Instead of this, the smoothing operator of equation 
(26) in paper I is used in this inversion to constrain the solution. In these inversions, the values 
a=0.66 and N =4 are used, which implies an effective correlation length of 140 km. The Born 
inversions are performed in three iterations (see also paper n, it has been checked that more 
iterations don't change the resulting models very much. 

The phase velocity perturbation for the three frequency bands are shown in the figures 
l3abc. The phase velocities are the result of both the nonlinear inversion for the smooth refer
ence medium, and the subsequent Born inversion. See figure 7b as an example of the contribu
tion of the nonlinear inversion for the smooth reference medium, to the phase velocity model 
of figure 13c. 

Note that the resulting phase velocity patterns vary considerably on a scale of one hor
izontal wavelength. This means that ray theory cannot be used to model the effects of these 
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oele for 30 s.<T<40 s. after Born inversion. 

I ), for T=35 s. 

Figure 13a. Relative phase velocity 
perturbation (oe Ie) for periods 
between 30-40 s. as detennined 
from nonlinear wavefonn inver
sion plus a subsequent Born inver
sion. 

-5%~== _+5% 

oele for 40 s.<T<60 s. after Born inversion. 

Figure l3b. As figure 13a, but for 
periods between 40-60 s. 
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-5%~ _+5% 

8c/c for 60 s.<T<100 s. after Born inversion. 

Figure Be. As figure 13a, but for periods between 60-100 s. 

heterogeneities, while surface wave scattering theory takes effects such as multipathing into 
account. Surprisingly, figure l3c for the phase velocity determined from Born inversion is not 
too different from figure 7a for the unconstrained nonlinear inversion using ray theory. The 
smaller scale features of figure l3c are absent in figure 7a because the spline interpolation does 
not allow these small scale features (nor docs ray theory). Nevertheless, the overall pattern in 
these figures is the same. Apparently, ray theory is rather robust to violations of the require
ment that the heterogeneity is smooth. This may explain the success of dispersion measure
ments in situations where ray theory is not justified. Most of the information on the S-velocity 
structure under Europe in the crust and upper mantle is determined from surface wave disper
sion measurements. For example, Panza ct a1. (1982) delineate a heterogeneity between Cor
sica and northern Italy with a scale of approximately 250 km., from anomalously low Rayleigh 
wave phase velocities betwecn 40-60 s. Thcir results arc therefore inconsistent with the (ray) 
theory they employed. Nevertheless, this low phasc velocity anomaly is also visible in figure 
l3b, which is constructed using surface wave scattcring thcory. 

Waveform fits after the nonlincar inversion for the smooth reference model, and after the 
subsequent Born inversion (the "final fit") are shown in the figures 14 to 19. In figure 14 results 
for station NE12 near Madrid are shown. Thc amplitude of the direct surface wave is changed 
considerably in the inversion. Note that the wavcform fit has slightly deteriorated in the non
linear inversion. The reason for this is that thc 42 seismograms are inverted simultancously, so 
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Event 3218 (Greece), station NE12, 30 s.d<40 s. 

". 

data 
synthetics 

nonlinear fit 

Figure 14. Wavefonn fit for 
periods between 30-40 s. for the 
laterally homogeneous starting 
model (top), after the nonlinear 
inversion for a smooth reference 
model (middle), and after Born 
inversion (bottom), for a Greek 
event recorded in NE12 (Spain). 
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Figure 15. AE figure 14, for a 
Greek event recorded in NE01 
(Gothenborg) for periods between 
30-40 s. 

time (s) 
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Event 5300 (Algeria), station NE15, 40 S.<T<60 s. 

nonlinear fit 

Figure 16. As figure 14 for an 
Algerian event recorded in NE15 
(Netherlands) for periods between 
40-60 s. 
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Event 3218 (Greece), station NE12, 30 s.<T<100 s. 
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nonlinear fit 
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Figure 17. As figure 14 for the full 
bandwidth (30-100 s.). 
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Event 5300 (Algeria), station NE15, 30 s.d<100 s. 

-- data 

lat. hom. 

-------- synthetics' 

nonlinear fit 

final fit 

Figure 18. As figure 15 for the full 
bandwidth (30-100 s.) 
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Event 3218 (Greece), station NE02, 30 s.<T<100 s. 

-- data 
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lat. hom. 

nonlinear fit 

._. 
Figure 19. As figure 14 for a Greek 
event recorded in NE02 (Darunark) 
for the full bandwidth (30-100 s.). 
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that it is possible that the fit of one seismogram is improved at the expense of another seismo
gram. In figure 15, an example is shown for a seismogram recorded at NE01 (Gothenborg). 
For this seismogram, the amplitude is already quite good for the laterally homogeneous starting 
model, but the phase is adjusted in the Born inversion. In the preceding examples, the Born 
inversion realized the fit between data and synthetics. This is not the case for all seismograms. 
In figure 16 a seismogram for an event in Algeria recorded at NE15 (Netherlands) is shown. 
For this seismogram the nonlinear inversion performed most of the waveform fit. 

By superposing the seismograms for the three frequency bands, seismograms for the full 
bandwidth (30-100 s.) can be constructed. Figure 17 displays the seismogram of figure 14, but 
now for the full employed bandwidth. The final fit between the data and the synthetic is 
extremely good. Note that the tail of the direct wave (around 725 s.) is fitted quite well after 
the Born inversion. For the recording of the Algerian event in NE15, the full bandwidth data 
are shown in figure 18. The trough in the waveform around 420 s. has been adjusted well in the 
nonlinear inversion, whereas the fit of the start of the signal (around 400 s.) is improved con
siderably in the subsequent Born inversion. Unfortunately, the improvement in the waveform 
fits is not for all seismograms as dramatic as in the preceding examples. Figure 19 features the 
waveform fit for a Greek event recorded at NE02 (Danmark). The phase of the signal is 
slightly improved in the nonlinear inversion, but the final waveform fit is not impressive. 

period (s.) nonlinear Born nonlinear + Born 

30-40 15% 20% 31% 
40-60 37% 27% 54% 
60-100 21% 25% 41% 

Table I, variance reductions for the waveform inversions. 

The quality of the waveform fits is expressed by the variance reductions shown in table 
1. Both in the nonlinear inversion, and in the subsequent Born inversion the variance reduction 
is of the order of 25%, although this differs considerably between the different frequency 
bands. In the nonlinear inversion for the smooth reference medium, the solution is rather 
heavily constrained (compare the figures 7a and 7b) so that larger variance reductions could be 
achieved with the nonlinear inversion. The smallest variance reduction occurs in the period 
range from 30-40 s. This is not surprising, because these surface waves have the shallowest 
penetration depths, and are therefore most strongly subjected to lateral heterogeneity and there
fore most difficult to fit. Surprisingly, the variance reduction for periods between 40-60 s. is 
larger than for 60-100 s. The reason for this might be that surface waves between 60-100 s. are 
influenced by the low velocity zone, which is reported to exhibit strong lateral variations (York 
and HeImberger, 1973; Paulssen, 1987). The tOlal variance reduction is larger than the vari
ance reduction obtained by Yomogida and Aki (1987) for surface waves which propagated 
through the Pacific. (They obtained a variance reduction of approximately 30%.) However, it is 
difficult to compare these results because on the one hand the paths of propagation of the sur
face waves they used are much longer than in this study, but on the other hand Europe and the 
Mediterranean is much more heterogeneous than the Pacific. 
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<5 c/c, model for resolution experiment. 

Figure 20. Synthetic model of the relative phase velocity perturbation (Oc/c) for the 
resolution experiment of section 7. The source-receiver minor arcs are superposed. 

7) A resolution analysis of the inversion for the direct wave. 

Just as with the inversion for the surface wave coda, the quality of the waveform fit is no 
measure of the resolution of the inversion. In order to address this issue, synthetics have been 
computed using asymptotic ray theory (Woodhouse and Wong, 1987) for the phase velocity 
model shown in figure 20. For convenience the minor arcs of the used source-receiver pairs are 
also shown in this figure. The resulting synthetics have been subjected to the same two step 
inversion as the surface wave data from the previous section. As a representative example, the 
results for the period band between 60-100 s. are presented in this section. In figure 21 the 
model as derived in the nonlinear inversion for the smooth reference model is shown. The thin 
lines show the model of figure 20, in the ideal case the inversion would reproduce this model. 
Since only the direct wave is used in this inversion, the solution is only nonzero in the vicinity 
of the source-receiver minor arcs. Apart from the positive anomaly in the northern Adriatic, 
the heterogeneities are placed more or less at their correct location. The reconstructed model 
after the subsequent Born inversion is depicted in figure 22. 

The strength of the mOdel after Born inversion is closer to the true model than after the 
nonlinear inversion alone. However, the magnitude of the reconstructed heterogeneity is still 
much less than the magnitude of the input model. The physical reason for this is that the model 
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Figure 21. Reconstruction of the 
model of figure 20 after the con
strained nonlinear inversion for 
periods between 60-100 s. 

Figure 22. Reconstruction of the 
model of figure 20 after the con
strained nonlinear inversion and 
the subsequent Born inversion for 
periods between 60-100 s. 
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used in this resolution test consists of altcmaling positive and negative anomalies. A smearing 
of these anomalies leads to a reduction of the magnitude of these anomalies. In the true Earth, 
an alternation between positive and negalive phase velocity anomalies may also occur, so that 
the reconstructed models (figures Babc) may underestimate the true phase velocity perturba
tions. 

Surprisingly, the heterogeneities are better positioned after the Born inversion (figure 22) 
than after the nonlinear inversion alone (figure 21). The reason for this is that with the ray 
geometrical nonlinear inversion one basically measures certain path integrals over the source 
receiver minor are (see equation (lOa-d) of paper I), whereas in the Born inversion more com
plete wave information is used. 

It follows from figure 22 that the east-west resolution in the southern Mediterranean is 
rather poor. This is due to the fact that there are no crossing ray in that region. A large portion 
of the wave paths runs in a bundle from Greece to north western Europe, and encounter a suite 
of positive and negative anomalies. This leads to a smearing of the solution under Germany 
and Danmark in the northwest-soulheast direclion, and a subsequent underestimate of the true 
inhomogeneity. A similar smearing in the northwest-southeast direction is visible in the north
ern Adriatic, this area also suffers from a lack of crossing ray paths. One of the most conspi
cuous features in the figures Babc are the high phase velocities under Greece. This is no 
artifact of the inversion, because this feature is not present in the results from the resolution 
analysis (figure 22). 

In conclusion, the reconstructed phase velocity models are meaningless outside the dot
ted line in the figures 24 and 25. In the area enclosed by this line, lateral smearing in the 
northwest-southeast direction occurs under Danmark, Germany and the northern Adriatic, 
while there is an east-west smearing in the soulhern Mediterranean. 

8) A model for the S-velocity under Europe and the Mediterranean. 

The phase velocity perturbations presented in section 6 can be converted to a depth 
model using the phase velocity information of the different frequency bands. However, these 
phase velocities are not only infiuenced by the composilion of the crust and upper mantle, but 
also by the crustal thickness. The crustal thickness under Europe and the Mediterranean is 
known from refraction studies, and il is lherefore possible to correct for the varying crustal 
thickness. The reference model shown in figure 6 has a crustal thickness of 33 km. By deter
mining the phase velocity for the same model, but wilh a different crustal lhickness, the fol
lowing linear parameterization of the effect of crustal lhickness on the fundamental Rayleigh 
mode phase velocity has been determined: 

8c- =rcz-33.) (%) , (1) 

in this expression z is the cruslal lhickness in kilomelers. 

The parameter [' is for the differenl frequency bands given by 

c 
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Smoothed crustal thickness in domain. 

Figure 23. Smoothed crustal thjdmcss uscd in thc corrcction for the varying Moho depth. 

r =-0.180 (%/km. ) for 30 s. <1' <40s. 

r = -0.113 (%/km.) for 40 s. <1' <60s. (2) 

r = -0.076 (%/km.) for 60 s. <1' <100s. 

The crustal thickness used in this study is adopted from Meissner (1986) and Stoko et a1. 
(1987), and is shown in figure 23. In the area outside the dOlled line in figures 24 and 25 the 
default value is assumed (33 km.). For consistency reasons, the same smoothing is applied to 
the crustal thickness, as for the reconstructions of shown in the figures 13abc. The variations in 
the crustal thickness are as large as 25 km. in the area of interest. For the shortest period band 
this leads to a phase velocity perturbation of 4.5%, which is of the same order of magnitude as 
the perturbations as determined from the Born inversion (figure 13a). 

After correcting for the crusul1thickness, a standard linear inversion (Nolet, 1981) leads 
to the S-velocity perturbations for depths between 0 km. and 100 km., and between 100 km. 
and 200 km. A simple resolution analysis shows that incorporating a third layer is unjustified. 
The resulting S-velocity perturbations arc shown in the figures 24 and 25. The S-velocity 
models in these figures can be compared with maps of the S-velocity as compiled subjectively 
from a wide range of surface wave and body wave data (panza et aI., 1980; Calcagnile and 
Scarpa, 1985). In general, there is a correspondence of the large scale features. The velocity is 
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Figure 24. Relative S-velocity perturbation (8~/~) between the surface and a depth of 100 
km. 

high in the Scandinavian shield, which can be seen in the northern area of inversion of the 
figures 24 and 25. Under the western Mediterranean the velocity is low (Marillier and Mueller, 
1985), whereas the Adriatic is characterized by a S-velocity higher than in the adjacent 
regions. This high velocity under the Adriatic is more pronounced in the lowest layer (figure 
25), than in the top layer (figure 24). Note that the Alps do not show up in the figures 24 and 
25, whereas Panza et a1. (1980) and CalcagniIe and Scarpa (1985) report large anomalies both 
in the western Alps and the eastern Alps. A reason for this discrepancy might be that the 
depth-averaged structure of the Apls deviates not very much [rom the rest of Europe, so that 
the surface waves are not perturbed strongly. 

Early tomographic studies using P-wave delay times (Romanowicz, 1980; Hovland et 
aI., 1981; Hovland and Husebey, 1982; Babuska and Plomerova, 1984) produced rather dif
ferent results for the P-velocity under Europe. The only consistcnt fcature of these studies are 
the low velocity in the Pannonian basin, and the high velocity under the Bohemian massif for 
the upper layer (0-100 km.). Both [calures can also be seen in figure 24. (In figure 23 the Pan
nonian basin shows up as a region with a thin crust, whereas the Bohemian massif can be 
identified by it's thick crust.) A morc recent tomographic inversion with a much larger data 
produced more detailed results (Spakman, 1986ab). In his study the subduction of Africa under 
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8~/~ for 100 km.<z<200 km. 

Figure 25. Relative S-velocity perturbation (8~/~) for depths between 100 kIn. and 200 
kIn. 

Europe has been imaged spectacularly. The subduction of Africa of the African slab under 
Europe can also be seen in figure 25 as a positive velocity anomaly in the deepest layer (100
200 km.) under the Adriatic and northern Italy. Panza et a1. (1982) observed relatively low 
velocities in the lid between Corsica and Italy, the same anomaly is visible in figure 24. 

In the figures 24 and 25 the Rhine Graben shows up as a zone of relatively low velocities 
extending towards the southeast from the Netherlands. Most wave paths in this region are in 
the southeast-northwest direction. This may explain why in the top layer (figure 24) only the 
northern part of the Rhine Graben can be seen, whereas the southern part of the Rhine Graben 
(which trends in the north-south direction) is not delineated. The variations in the S-velocity 
for the deepest layer (figure 25) reflects the lateral variations of the low velocity zone. It is 
noted by York and HeImberger (1973) and Paulssen (1987) that strong velocity variations of 
the low velocity zone exist, which is confirmed by figure 25. Under the Massif Central the 
positive anomaly in the top layer (figure 24), and the negative anomaly in the bottom layer 
(figure 25) indicates a pronounced low velocity zone, which is consistent with the results of 
Souriau (1981). 

The feature which shows the power of the inversion method of this paper most spectacu
larly, is the high velocity anomaly in eastern Europe. (It is possible that this area of high 
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velocities extends further eastward, but this area is not sampled by the data.) From the 
waveform point of view, this anomaly is needed to produce the focusing needed to fit the 
amplitudes of seismograms recorded in the northern station of the NARS array. For this rea
son, this anomaly is located away from (but close to) the source receiver minor arcs. This zone 
of a high S-velocity closely marks the Tornquist-Tesseyre zone, the boundary between central 
Europe and the east European platform. Note that this transition zone is not visible in the upper 
layer of the S-velocity model (figure 24) This is consistent with the findings of Hurtig et al. 
(1979) who showed by fitting travel time curves, that below 100 km. the eastern European plat
form has higher P-velocities than central Europe. According to figure 25, this transition at 
depth between central Europe and the eastern European platform is very sharp. 

9) Conclusion. 

Linear inversion of a large set of surface wave data is feasible with present day comput
ers. The Born inversion for the surface wave coda (using 42 seismograms) ran in roughly one 
night on a super mini computer. The inversion of the direct surface wave for the three fre
quency bands takes approximately the same time. The nonlinear inversion for the smooth 
reference model is comparatively fast, and takes about 3 hours for the three frequency bands. 
With the present growth in computer power, larger data sets can soon be inverted with the 
same method, possibly on a global scale. 

Reasonable waveform fits of the surface wave coda can be obtained, leading to a vari
ance reduction of approximately 25% for the surface wave coda. However, with the data set 
used in this study many artifacts are introduced in the inversion (the analogue of the smiles in 
exploration seismics). The fact that the surface wave coda contains a relatively large noise 
componerit is an extra complication. A larger (redundant) data set is needed to perform an 
accurate imaging of the inhomogeneity in the Earth using the surface wave coda. It would be 
interesting to set up controlled experiments to probe tectonic structures like .continental mar
gins or the Tornquist- Tesseyre zone with scattered surface waves. 

Application of Born inversion to the direct surface waves leads to detailed S-velocity 
models on a scale comparable to the wavelength of the used surface waves. With the data set 
employed, a lateral resolution of approximately 300 km. can be achieved in some regions 
(Italy, France, Alps, Western Mediterranean), while in other areas smearing along the wave 
paths occurs (southern Mediterranean, north eastern Europe, the Adriatic). More data are 
needed to achieve a more evenly distributed resolution. Only a limited depth resolution can be 
obtained. 

The fact that a model of the heterogeneity is constructed with a horizontal length scale 
comparable to the wavelength of the used surface waves, implies that scattering and multipath
ing effects are operative. This means that for this situation dispersion measurements are not 
justified. Nevertheless, the resulting model for the S-velocity bears close resemblance to the 
S-velocity models constructed by Panza et al. (1980) and Calcagnile and Scarpa (1985), which 
are largely based on surface wave dispersion measurements. Apparently, ray theory is rela
tively robust for structures that are not smooth on scale of a wavelength. 
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Linear waveform inversion is a powerful and rigorous method to fit surface wave data. 
Presently, the main limitation is imposed by the availability of high quality digital surface 
wave data. A network of seismometers, as described in the ORFEUS (Nolet et aI., 1985) or 
PASSCAL proposals, will increase the resolution and reliability of the resulting models. A data 
distribution center like ODC (ORFEUS Data Center) provides access to digital seismological 
data at low costs. Born inversion for surface waves, applied to these data may help to construct 
accurate S-velocity models of the Earth. 
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Chapter 10 

Summary and conclusion 

Scattering of surface waves in a three dimensional layered elastic medium with 
embedded heterogeneities is described in this thesis with the Born approximation. The 
dyadic decomposition of the surface wave Green's function provides the crucial ele
ment for an efficient application of Born theory to surface wave scattering. This is 
because the dyadic Green's function allows for an efficient bookkeeping of the different 
processes that contribute to the scattered surface wave: excitation, propagation, scatter
ing (conversion), and oscillation. One can argue that the most crucial (and surprisingly 
also the simplest) expression in this thesis is equation (3) of chapter 2. The resulting 
surface wave scattering theory for buried heterogeneities in a flat geometry (chapter 2), 
can easily be extended to incorporate the effects of surface topography (chapter 3), and 
a spherical geometry (chapters 6 and 7). 

In practice, the Born approximation imposes a lower limit on the periods that can 
be analyzed. This limit depends both on the properties of the heterogeneity and on the 
source receiver separation. An analysis of the surface wave coda recorded in stations of 
the NARS array shows that the surface wave coda level differs substantially for dif
ferent regions. For paths through eastern and middle Europe, the Born approximation 
breakS down for periods shorter than 30 s., while for paths through the western Mediter
ranean periods as short as 20 s. can be analyzed with linear theory (chapter 8). 

In exploration seismics, linear theory is usually used to establish a relation 
between the heterogeneity and the reflected waves, as well as for the inversion of these 
reflection data. It is therefore not surprising that the surface wave coda can in principle 
be used to map the heterogeneity in the Earth, with an inversion scheme which is remin
iscent to Kirchoff migration as used in exploration seismics (chapter 2). In a simple 
field experiment the feasibility of such an inversion scheme is established (chapter 4). 
It is also possible to formulate the waveform inversion of surface wave data as a (huge) 
matrix problem. The least squares solution of these matrix equations can iteratively be 
constructed. These reconstructed models have the same characteristics as the models 
found with a simple holographic inversion (chapter 8). 

Inversion of the surface wave coda recorded in stations of the NARS array pro
duce chaotic models of scatterers which are difficult to interpret unambiguously. Apart 
from a lack of enough data to perform a good imaging, this inversion is hampered by an 
appreciable noise component in the surface wave coda. This noise level might be 
acceptable if the data set were redundant, so that this noise component can be averaged 
out. However, the 42 available seismograms lead to an underdetermined system of 
linear equations, which make it likely that the noise in the surface wave coda introduces 
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artifacts in the reconstructed model (chapter 9). 

Born theory for surface waves describes the distortion of the wavefield due to the 
heterogeneity of the medium. This distortion consists of true surface wave scattering 
due to abrupt lateral inhomogeneities, as well as a distortion of the direct surface wave 
due to smooth variations of the heterogeneity. Up to first order, ray geometrical effects 
follow from linear scattering theory (chapter 5). Furthermore, the scattering coefficient 
for forward scattering of unconverted waves is proportional to the phase velocity per
turbation of these waves (chapter 3). This makes it possible to reconstruct phase velo
city fields for surface waves using a large scale linear waveform inversion of the direct 
surface wave (chapter 8). 

This inversion is applied to the direct surface wave train recorded in stations of 
the NARS array. This results in detailed reconstructions of the phase velocity of the 
fundamental Rayleigh mode. In this inversion, a variance reduction of approximately 
40% is achieved. By combining this information for different frequencies, detailed 
models of the S-velocity under Europe and the Mediterranean are reconstructed 
(chapter 9). With the present data set, the resolution of this model differs considerably 
from region to region. The only way to overcome this restriction is to use more data, 
which can be realized by employing dense networks of digital seismic stations. 

There is still a considerable amount of research to be performed on scattering 
theory of elastic waves. Apart from the restriction of linearity, the theory presented in 
this thesis is only valid in the far field. This means that the inhomogeneity should be 
several wavelengths removed from the source and the receiver (and their antipodes). In 
practice, this is a troublesome limitation, because seismic stations are often located on 
top of heterogeneities, and earthquakes usually occur in heterogeneous areas such as 
subduction zones. The interaction terms are valid both in the far field and in the near 
field (chapter 7), so that in order to resolve the far field restriction, the propagator terms 
need to be investigated. Future theoretical research should also address the problem of 
conversions between surface waves and body waves. This issue is related to the near 
field problem, because in the near field the concepts of "surface waves" and "body 
waves" are poorly defined. 

It would be interesting to use portable seismic stations for local investigations by 
recording scattered surface waves in the vicinity of strong lateral variations in the crust 
and upper mantle. In this way, it should be possible to probe tectonic features such as 
subduction zones using scattered surface waves. The waveform inversions of the direct 
surface waves, as presented in this thesis, can be applied to other regions of the Earth 
with a good coverage with digital seismic stations (e.g. Japan, the continental US), and 
possibly for lower frequencies on a global scale. In this way, large scale waveform 
inversions for both the phase and amplitude of surface wave data may dramatically 
increase our knowledge of the Earth's interior. 
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Samenvatting 

Oppervlakte golven verstrooid aan heterogeniteiten ingebed in een drie dimen
sionaal gelaagd medium worden in dit proefschrift beschreven met behulp van de Born 
benadering. De dyadische ontwikkeling van de Greense functie is het cruciale element 
voor een efficiente boekhouding van de verschillende elementen die een bijdrage 
leveren aan de verstrooide oppervlakte golf: excitatie, propagatie, verstrooiing (conver
sie), en oscillatie. Men kan stellen dat vergelijking (3) van hoofdstuk 2 de meest cruci
ale (en verrassend genoeg ook de simpelste) uitdrukking is. De resulterende theorie 
voor oppervlakte golf verstrooiing aan interne heterogeniteiten in een vlakke geometrie 
(hoofdstuk 2), kan eenvoudig gegeneraliseerd worden voor de effecten van oppervlakte 
topografie (hoofdstuk 3), en voor een bolgeometrie (hoofdstuk 6 en 7). 

In de praktijk stelt de Born benadering een ondergrens aan de perioden die 
geanaliseerd kunnen worden. Deze ondergrens hangt af van de eigenschappen van de 
heterogeniteit, en van de epicentrale afstand. Een analyse van de oppervlakte golf coda 
geregistreerd in de stations van het NARS netwerk toont aan dat de oppervlakte golf 
coda aanzienlijk verschilt voor verschillende regios. Voor golfpaden door oost- en mid
den Europa is de Born benadering niet geldig voor perioden korter dan 30 s., terwijl 
voor golfpaden door het westelijke Middenlandse Zee gebied deze ondergrens op 20 s. 
ligt (hoofdstuk 8). 

In de exploratie seismologie wordt lineaire theorie meestal gebruikt zowel voor 
de relatie tussen de heterogeniteit en de gereflecteerde golven, als voor de inversie van 
deze reflectie data. Ret is daarom niet verbazend dat de oppervlakte golf coda in prin
cipe gebruikt kan worden om de heterogeniteit in de Aarde te reconstrueren met een 
inversie methode die doet denken aan Kirchoff migratie zoals gebruikt wordt in de 
exploratie geofysica (hoofdstuk 2). In een simpel veld experiment is de haalbaarheid 
van een dergelijke inversie aangetoond (hoofdstuk 4). Ret is tevens mogelijk om de 
golfvorm inversie van oppervlakte golf data te formuleren als een (zeer groot) matrix 
probleem. Met behulp van iteratieve technieken kan een kleinste kwadraten oplossing 
van dit probleem gevonden worden. De op deze wijze gereconstrueerde modellen heb
ben dezelfde karakteristieken als modellen bepaald met een eenvoudige holografische 
inversie (hoofdstuk 8). 

Inversie van de oppervlakte golf coda geregistreerd in stations van het NARS 
netwerk leidt tot chaotische modellen voor de heterogeniteit die niet eenduidig te inter
preteren zijn. Behalve een gebrek aan voldoende data voor een goede focussering, is 
een relatief hoog ruisniveau in de coda hiervan de oorzaak. Dit ruisniveau zou aan
vaardbaar kunnen zijn voor een grote (overbepaalde) data collectie, zodat de ruis uit
middelt in de inversie. De 42 gebruikte seismogrammen leidden echter tot een onder
bepaald stelsel lineaire vergelijkingen, zodat het waarschijnelijk is dat ruis in de coda 
artefacten in het geronstrueerde model introduceert. 
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Born theorie voor oppervlakte golven beschrijft de vervorming van het golfveld 
ten gevolge van heterogeniteiten in het medium. Deze vervorming bestaat niet alleen uit 
echte oppervlakte golf verstrooiing ten gevolge van abrupte heterogeniteiten, maar ook 
uit een vervorming van de directe golf ten gevolge van gladde variaties van de inhomo
geniteit. Tot op eerste orde volgen optisch geometrische effecten uit de lineaire ver
strooiingstheorie (hoofdstuk 5). De verstrooiingscoefficient voor voorwaartse verstrooi
ing van ongeconverteerde golven is evenredig met de fasesnelheid verstoring van deze 
golven (hoofdstuk 3). Dit maakt het moge1ijk om fasesnelheid verdelingen van 
oppervlakte golven te bepalen met behulp van een grootschalige lineaire golfvorm 
inversie van de directe oppervlakte golf (hoofdstuk 8). 

Deze inversie is toegepast op de directe oppervlakte golf geregistreerd in stations 
van het NARS netwerk. Dit leidt tot gedetailleerde reconstructies van de fasesnelheid 
van de Rayleigh golf grondtoon. Door deze informatie voor verschillende frequenties te 
combineren zijn gedetailleerde modellen van de S-snelheid onder Europa en de Mid
denlandse Zee geconstrueerd (hoofdstuk 9). Met de huidige gegevens varieert de reso
lutie aanzienlijk van regio tot regio. AHeen met meer gegevens is hier verbetering in te 
brengen. Dit kan gerealiseerd worden met dichte netwerken van digitale seismische 
stations. 

Er is nog veel onderzoek te doen op het gebied van verstrooiingstheorie voor 
elastische golven. Behalve de restrictie van lineariteit, is de theorie in dit proefschrift 
alleen geldig in het verre veld. Dit betekent dat de heterogeniteit zich op minstens 
enke1e golftengten van de bron en de ontvanger (en hun antipolen) moet bevinden. In de 
praktijk is dit een complicerende factor, omdat seismische stations vaak hoven hetero
geniteiten staan, en omdat aardbevingen meestal in heterogene gebieden zoals subductie 
zones optreden. De verstrooiingscoefficienten zijn zowel in het verre- als het nabije 
veld geldig (hoofdstuk 7), zodat teneinde de verre veld restrictie op te lossen de propa
gator termen onderzocht moeten worden. Ret theoretisch onderzoek moet tevens een 
beschtijving geven van de interacties tussen oppervlak.te golven en ruimte golven. Dit 
probleem is gerelateerd aan de problemen met het nabije veld, aangezien in het nabije 
veld de concepten "oppervlakte golf' en "ruimte golf' slecht gedefinieerd zijn. 

Ret zou interressant zijn om draagbare seismische stations te gebruiken voor 
locale metingen van verstrooide oppervlakte golven in de nabijheid van sterke hetero
geniteiten in de korst en bovenmantel. Op deze manier is het wellicht mogelijk om tec
tonische fenomenen ZOalS subductie zones of the Tornquist-Teisseyre zone te bemon
steren. De golfvorm inversies van de directe golf zoals gepresenteerd in dit proefschrift, 
kan tevens toegepast worden op andere gebieden met een goede bedekking met digitale 
seismische stations (bijv. Japan en de continentale V.S.), en wellicht voor lagere fre- . 
quenties ook op een globale schaal. Op deze wijze kunnen grootschalige golfvorm 
inversies van oppervlakte golf gegevens op dramatische wijze onze kennis van het 
inwendige van de aarde vergroten. 
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