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new developments

• Move away from ray theory

• Super-arrays on continents

• Robots in the oceans
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The photon speed
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A photon in the Sun

Naeye, “Through the eyes of Hubble” (CRC Press,
1998).
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Back to rocks
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Picking the onset is at best ambiguous 
or inaccurate, sometimes impossible.

Because onsets require absence of dispersion
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cross-correlation
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Figure 1. Measuring multiple-frequency time residuals. Left column: observed (blue) and synthetic (red) isolated and tapered S-phase waveforms (correspond-
ing to Fig. A1a). Middle column: for each filtering period (T), F3(τ ) is maximized for a delay-time τm(T ). Right column: observed and synthetic waveforms
after time shifting of τm(T ). Note that each raw corresponds to a different filtering period T.

hand, signals strongly contaminated by noise will produce larger
traveltime residual errors.

2.2.4 Traveltime corrections for global seismic tomography

In this study, we aim to build a global data set of multiple-frequency
time residuals, suitable for imaging the Earth’s mantle structure us-
ing inversion schemes based on eq. (1). Time residuals are deter-
mined by cross-correlating observed and synthetic waveforms (cf.
Section 2.2.2). The synthetic waveforms used in this study are com-
puted in a spherical Earth with the WKBJ method for the IASP91
velocity model extended with the Q model from PREM (Dziewonski
& Anderson 1981).

We need to apply corrections to the predicted traveltimes, com-
puted in the radial IASP91 reference velocity model, to account
for known deviations from spherical symmetry in the Earth. We
use the software by Tian et al. (2007a), to compute the ellipticity,
dtell, crustal, dtcru, and topographic, dttop, traveltime corrections, for
each seismic phase (S, sS, ScS, sScS, SS, sSS) present in the WKBJ
synthetic. The traveltime after correction, for each seismic phase, is

Tcorr = TBG + dtell + dtcru + dttop, (10)

where T BG is the predicted traveltime for the spherically reference
(background) model (IASP91 in this study). We use the 3-D global
crustal model CRUST2.0 (2◦ × 2◦), by Gabi Laske, which is an
updated version of an earlier model CRUSTS5.1 (5◦ × 5◦), by
Mooney et al. (1998).

As they propagate through the Earth, seismic waves experience
attenuation and dispersion resulting from microscopic dissipative

processes, operating at a variety of relaxation times. Intrinsic at-
tenuation causes dispersion of seismic velocities, decreasing the
velocities of longer period waves, compared to shorter period ones.
Properly correcting for the dispersion effect is crucial as we aim
to use our multiple-frequency delay-times, determined in different
frequency bands, to constrain velocities in the Earth. Frequency
dependence of attenuation q can be represented by a power law

q ∝ q0 × ω−α. (11)

Seismic studies routinely assume that, within the seismic band,
α cannot be resolved and thus implicitly rely on the frequency-
independent attenuation model, that is α = 0, of Kanamori &
Anderson (1977). Usually, the difference in wave-speeds due to
an attenuation value q at two frequencies ω1,2 is calculated using
the expression

V (ω2)
V (ω1)

= 1 + q
π

× ln(ω2/ω1), (12)

which is only valid when α = 0 (Kanamori & Anderson 1977).
However, non-zero values of α (Section 3.3) require the use of a
different expression (Anderson & Minster 1979):

V (ω2)
V (ω1)

= 1 + q(ω1)
2

× cot(απ/2) × [1 − (ω2/ω1)α]. (13)

The values of α and q(ω1) may significantly affect the magnitude of
the dispersion correction. If one relies on a frequency-independent
attenuation model, that is α = 0, one should correct the multiple-
frequency time residuals, measured by cross-correlation, by adding
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Figure 1. Measuring multiple-frequency time residuals. Left column: observed (blue) and synthetic (red) isolated and tapered S-phase waveforms (correspond-
ing to Fig. A1a). Middle column: for each filtering period (T), F3(τ ) is maximized for a delay-time τm(T ). Right column: observed and synthetic waveforms
after time shifting of τm(T ). Note that each raw corresponds to a different filtering period T.

hand, signals strongly contaminated by noise will produce larger
traveltime residual errors.

2.2.4 Traveltime corrections for global seismic tomography

In this study, we aim to build a global data set of multiple-frequency
time residuals, suitable for imaging the Earth’s mantle structure us-
ing inversion schemes based on eq. (1). Time residuals are deter-
mined by cross-correlating observed and synthetic waveforms (cf.
Section 2.2.2). The synthetic waveforms used in this study are com-
puted in a spherical Earth with the WKBJ method for the IASP91
velocity model extended with the Q model from PREM (Dziewonski
& Anderson 1981).

We need to apply corrections to the predicted traveltimes, com-
puted in the radial IASP91 reference velocity model, to account
for known deviations from spherical symmetry in the Earth. We
use the software by Tian et al. (2007a), to compute the ellipticity,
dtell, crustal, dtcru, and topographic, dttop, traveltime corrections, for
each seismic phase (S, sS, ScS, sScS, SS, sSS) present in the WKBJ
synthetic. The traveltime after correction, for each seismic phase, is

Tcorr = TBG + dtell + dtcru + dttop, (10)

where T BG is the predicted traveltime for the spherically reference
(background) model (IASP91 in this study). We use the 3-D global
crustal model CRUST2.0 (2◦ × 2◦), by Gabi Laske, which is an
updated version of an earlier model CRUSTS5.1 (5◦ × 5◦), by
Mooney et al. (1998).

As they propagate through the Earth, seismic waves experience
attenuation and dispersion resulting from microscopic dissipative

processes, operating at a variety of relaxation times. Intrinsic at-
tenuation causes dispersion of seismic velocities, decreasing the
velocities of longer period waves, compared to shorter period ones.
Properly correcting for the dispersion effect is crucial as we aim
to use our multiple-frequency delay-times, determined in different
frequency bands, to constrain velocities in the Earth. Frequency
dependence of attenuation q can be represented by a power law

q ∝ q0 × ω−α. (11)

Seismic studies routinely assume that, within the seismic band,
α cannot be resolved and thus implicitly rely on the frequency-
independent attenuation model, that is α = 0, of Kanamori &
Anderson (1977). Usually, the difference in wave-speeds due to
an attenuation value q at two frequencies ω1,2 is calculated using
the expression

V (ω2)
V (ω1)

= 1 + q
π

× ln(ω2/ω1), (12)

which is only valid when α = 0 (Kanamori & Anderson 1977).
However, non-zero values of α (Section 3.3) require the use of a
different expression (Anderson & Minster 1979):

V (ω2)
V (ω1)

= 1 + q(ω1)
2

× cot(απ/2) × [1 − (ω2/ω1)α]. (13)

The values of α and q(ω1) may significantly affect the magnitude of
the dispersion correction. If one relies on a frequency-independent
attenuation model, that is α = 0, one should correct the multiple-
frequency time residuals, measured by cross-correlation, by adding
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Figure 1. Measuring multiple-frequency time residuals. Left column: observed (blue) and synthetic (red) isolated and tapered S-phase waveforms (correspond-
ing to Fig. A1a). Middle column: for each filtering period (T), F3(τ ) is maximized for a delay-time τm(T ). Right column: observed and synthetic waveforms
after time shifting of τm(T ). Note that each raw corresponds to a different filtering period T.

hand, signals strongly contaminated by noise will produce larger
traveltime residual errors.

2.2.4 Traveltime corrections for global seismic tomography

In this study, we aim to build a global data set of multiple-frequency
time residuals, suitable for imaging the Earth’s mantle structure us-
ing inversion schemes based on eq. (1). Time residuals are deter-
mined by cross-correlating observed and synthetic waveforms (cf.
Section 2.2.2). The synthetic waveforms used in this study are com-
puted in a spherical Earth with the WKBJ method for the IASP91
velocity model extended with the Q model from PREM (Dziewonski
& Anderson 1981).

We need to apply corrections to the predicted traveltimes, com-
puted in the radial IASP91 reference velocity model, to account
for known deviations from spherical symmetry in the Earth. We
use the software by Tian et al. (2007a), to compute the ellipticity,
dtell, crustal, dtcru, and topographic, dttop, traveltime corrections, for
each seismic phase (S, sS, ScS, sScS, SS, sSS) present in the WKBJ
synthetic. The traveltime after correction, for each seismic phase, is

Tcorr = TBG + dtell + dtcru + dttop, (10)

where T BG is the predicted traveltime for the spherically reference
(background) model (IASP91 in this study). We use the 3-D global
crustal model CRUST2.0 (2◦ × 2◦), by Gabi Laske, which is an
updated version of an earlier model CRUSTS5.1 (5◦ × 5◦), by
Mooney et al. (1998).

As they propagate through the Earth, seismic waves experience
attenuation and dispersion resulting from microscopic dissipative

processes, operating at a variety of relaxation times. Intrinsic at-
tenuation causes dispersion of seismic velocities, decreasing the
velocities of longer period waves, compared to shorter period ones.
Properly correcting for the dispersion effect is crucial as we aim
to use our multiple-frequency delay-times, determined in different
frequency bands, to constrain velocities in the Earth. Frequency
dependence of attenuation q can be represented by a power law

q ∝ q0 × ω−α. (11)

Seismic studies routinely assume that, within the seismic band,
α cannot be resolved and thus implicitly rely on the frequency-
independent attenuation model, that is α = 0, of Kanamori &
Anderson (1977). Usually, the difference in wave-speeds due to
an attenuation value q at two frequencies ω1,2 is calculated using
the expression

V (ω2)
V (ω1)

= 1 + q
π

× ln(ω2/ω1), (12)

which is only valid when α = 0 (Kanamori & Anderson 1977).
However, non-zero values of α (Section 3.3) require the use of a
different expression (Anderson & Minster 1979):

V (ω2)
V (ω1)

= 1 + q(ω1)
2

× cot(απ/2) × [1 − (ω2/ω1)α]. (13)

The values of α and q(ω1) may significantly affect the magnitude of
the dispersion correction. If one relies on a frequency-independent
attenuation model, that is α = 0, one should correct the multiple-
frequency time residuals, measured by cross-correlation, by adding
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Figure 1. Measuring multiple-frequency time residuals. Left column: observed (blue) and synthetic (red) isolated and tapered S-phase waveforms (correspond-
ing to Fig. A1a). Middle column: for each filtering period (T), F3(τ ) is maximized for a delay-time τm(T ). Right column: observed and synthetic waveforms
after time shifting of τm(T ). Note that each raw corresponds to a different filtering period T.

hand, signals strongly contaminated by noise will produce larger
traveltime residual errors.

2.2.4 Traveltime corrections for global seismic tomography

In this study, we aim to build a global data set of multiple-frequency
time residuals, suitable for imaging the Earth’s mantle structure us-
ing inversion schemes based on eq. (1). Time residuals are deter-
mined by cross-correlating observed and synthetic waveforms (cf.
Section 2.2.2). The synthetic waveforms used in this study are com-
puted in a spherical Earth with the WKBJ method for the IASP91
velocity model extended with the Q model from PREM (Dziewonski
& Anderson 1981).

We need to apply corrections to the predicted traveltimes, com-
puted in the radial IASP91 reference velocity model, to account
for known deviations from spherical symmetry in the Earth. We
use the software by Tian et al. (2007a), to compute the ellipticity,
dtell, crustal, dtcru, and topographic, dttop, traveltime corrections, for
each seismic phase (S, sS, ScS, sScS, SS, sSS) present in the WKBJ
synthetic. The traveltime after correction, for each seismic phase, is

Tcorr = TBG + dtell + dtcru + dttop, (10)

where T BG is the predicted traveltime for the spherically reference
(background) model (IASP91 in this study). We use the 3-D global
crustal model CRUST2.0 (2◦ × 2◦), by Gabi Laske, which is an
updated version of an earlier model CRUSTS5.1 (5◦ × 5◦), by
Mooney et al. (1998).

As they propagate through the Earth, seismic waves experience
attenuation and dispersion resulting from microscopic dissipative

processes, operating at a variety of relaxation times. Intrinsic at-
tenuation causes dispersion of seismic velocities, decreasing the
velocities of longer period waves, compared to shorter period ones.
Properly correcting for the dispersion effect is crucial as we aim
to use our multiple-frequency delay-times, determined in different
frequency bands, to constrain velocities in the Earth. Frequency
dependence of attenuation q can be represented by a power law

q ∝ q0 × ω−α. (11)

Seismic studies routinely assume that, within the seismic band,
α cannot be resolved and thus implicitly rely on the frequency-
independent attenuation model, that is α = 0, of Kanamori &
Anderson (1977). Usually, the difference in wave-speeds due to
an attenuation value q at two frequencies ω1,2 is calculated using
the expression

V (ω2)
V (ω1)

= 1 + q
π

× ln(ω2/ω1), (12)

which is only valid when α = 0 (Kanamori & Anderson 1977).
However, non-zero values of α (Section 3.3) require the use of a
different expression (Anderson & Minster 1979):

V (ω2)
V (ω1)

= 1 + q(ω1)
2

× cot(απ/2) × [1 − (ω2/ω1)α]. (13)

The values of α and q(ω1) may significantly affect the magnitude of
the dispersion correction. If one relies on a frequency-independent
attenuation model, that is α = 0, one should correct the multiple-
frequency time residuals, measured by cross-correlation, by adding

C© 2010 The Authors, GJI, 182, 1025–1042
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Figure 3. Event = PERU #1. Frequency dependence of traveltimes and amplitudes for an individual event. Row 1: observed traveltime
anomalies dT and their dispersion. Row 2: anomalies dT predicted by dVp/Vp, and their dispersion. Row 3: observed amplitude
anomalies dA/A and their dispersion. Row 4: anomalies dA/A predicted by dVp/Vp (i.e. focusing), and their dispersion. Dispersion
refers to measurement in highest frequency band minus measurement in lowest frequency band. Dominant period of the lowest band is
21.2 s. Dominant period of highest band is 3.8 s for traveltimes, and 10.6 s for amplitudes.
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Figure 7. Window selection results for event 050295B from Table 2 recorded at ABKT (37.93◦N, 58.11◦E, ! = 127◦, vertical component). (a) Top: observed
and synthetic seismograms (black and red traces); bottom: STA:LTA timeseries E(t). Windows chosen by the algorithm are shown using light blue shading.
The phases contained within these windows are: (1) PP, (2) PS + SP, (3) SS, (4) SSS, (5) S5, (6) S6, (7) fundamental mode Rayleigh wave. (b) Ray paths
corresponding to the body-wave phases present in the data windows in (a). (c) Window selection results for event 200808270646A from Table 2 recorded at
OTAV (0.24◦N, 78.45◦W, ! = 119◦, vertical component). Phases contained within selected windows: (1) Sdiff and PS + SP, (2) SS, (3) fundamental mode
Rayleigh wave. (d) Ray paths corresponding to the body-wave phases present in the data windows in (c).

robustness and flexibility of the algorithm. We have applied the
algorithm to three tomographic scenarios, with very different ge-
ographical extents and distinct period ranges: long-period global
tomography (50–150 s), regional tomography of the Japan subduc-
tion zone down to 700 km (6–120 s), and regional tomography of
southern California down to 60 km (2–30 s). For each of these
scenarios, we compare observed seismograms to spectral-element
synthetics, using our algorithm to select time windows on the pairs
of timeseries.

The windowing algorithm itself has little prior knowledge of seis-
mology, other than in the most general terms: it considers a seismo-
gram to be a succession of seismic phases indicated by changes in
amplitude and frequency of the signal with time; it is based upon
the idea that the short-term to long-term average ratio STA:LTA is
a good indicator of the arrival of such phases; it has a notion of the
characteristics of an optimal set of data windows. All other prior
information—the frequency range to be considered, the portions
of the seismogram to be excluded, the acceptable signal-to-noise

ratios, the tolerance of dissimilarity between the observed and syn-
thetic seismogram—varies greatly between any two seismological
studies. In order to ensure maximum flexibility of our windowing
algorithm, all such scenario-dependent information is encapsulated
in the tuning parameters of Table 1.

We tuned the windowing algorithm separately for each of the
three scenarios we present here, and we present examples based
on the events listed in Table 2. Tuning parameter values for each
scenario can be found in Table 3, whereas the functional forms of
the time-dependent parameters can be found in Appendix A1. Once
tuned for a given scenario, the algorithm is applied to all its events
without further modification.

3.1 Global tomography

Our first scenario is a global scale, long-period tomographic study.
We calculate spectral-element synthetic seismograms through an
Earth model for which the mantle is given by the S20RTS model

C© 2009 The Authors, GJI, 178, 257–281
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diffracted P wave
276 Q. Liu and J. Tromp

Figure 3. (a) Source–receiver cross-section of the 18 s K α kernel for the P diff phase recorded at an epicentral distance of 103◦. (b) Map view on the CMB of
the same kernel as in (a). (c) Corresponding vertical-component synthetic velocity seismogram recorded at an epicentral distance of 103◦. The P diff phase is
identified by the black box.

Figure 4. CMB map views of 18 s P diff kernels at a distance of " = 120◦ and in various azimuths relative to the source mechanism denoted by the beach ball
in the centre. Note the change in the kernels with azimuth, illustrating the effect of the radiation pattern on the kernel. A symmetric P diff kernel generated by
an explosive source is shown in the blue box for comparison.

PKPab branches can be as large as 70 s at this distance, which makes it very easy to identify and separate them. Figs 5(a) and (b) show
the finite-frequency traveltime sensitivity kernels K α for these two PKP branches. The PKPdf kernel clearly follows the ray path shown in
Fig. 1(a) while exhibiting the typical banana–doughnut shape. The upper part of the kernel has relatively larger sensitivity compared to the
lower part, which is partly a result of the source radiation pattern. The PKPab kernel not only follows the conventional ray path, but also shows
sensitivity along a path that goes from the source to the receiver in the major-arc direction. This is a result of the finite-frequency nature of
cross-correlation traveltime measurements: points along the unconventional path represent scatterers that produce arrivals within the PKPab

C© 2008 The Authors, GJI, 174, 265–286

Journal compilation C© 2008 RAS

Liu and Tromp, GJI 2008
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PKP waves
Finite-frequency sensitivity kernels based upon adjoint methods 277

Figure 5. (a) 9 s K α kernel for a PKPdf phase at 170◦; (b) 9 s K α kernel for a PKPab phase at 170◦. (c) Corresponding vertical-component synthetic velocity
seismogram recorded at " = 170◦, with the PKPdf and PKPab phases labelled.

cross-correlation traveltime window. Note, however, that the oscillatory nature of the kernel along this major-arc path tends to average out
longer wavelength heterogeneity.

7.4 S and ScS kernels

In this section we calculate the shear wave speed traveltime sensitivity kernels K β for the S and ScS phases at 60◦ for the Bolivia earthquake.
These two phases are readily identified on transverse velocity seismograms as illustrated in Fig. 6(e) for synthetics with a shortest period of
27 and 18 s, respectively. The K β Fréchet kernels corresponding to these phases are compared in Figs 6(a)–(d). Notice that they all nicely
follow their respective theoretical ray paths (Fig. 1a) and exhibit clear banana–doughnut shapes, except near the core-reflection point of the
ScS phase, where the two S legs come together, producing a complicated pattern on and right above the CMB. The kernels corresponding to
an accuracy of 18 s and longer are generally sharper and have larger amplitudes than the 27 s kernels, in agreement with the results obtained
for the P kernels in Section 7.1.

7.5 SKS kernel

Next, we generate traveltime sensitivity kernels for an 18 s SKS phase at an epicentral distance of 114◦. Because the outer core is liquid, the
SKS phase can only be observed on the vertical and radial components of PREM seismograms. In Fig. 7(b) we identify the SKS phase on the
radial component. Its mantle K β kernel and outer core K α kernel are jointly plotted in Fig. 7(a). Overall the sensitivity kernel follows the SKS
ray path (Fig. 1a), and due to the large contrast between the S-wave speed above the CMB and the P-wave speed below the CMB, the K waves
propagate in the outer core with a large incidence angle, causing the sensitivity of the upper part of the banana–doughnut kernel to be much
stronger than the lower part of the kernel. We speculate that the same wave speed contrast introduces a head-wave type of K wave gliding
along the CMB, which is perhaps responsible for the notable portion of the kernel near the incident points on the CMB. Because the SKS
phase is not the first arrival in the seismogram, mantle reverberated waves caused by reflections and refractions from both the Earth’s surface
and internal discontinuities may also arrive in the SKS cross-correlation time window, and hence the sensitivity kernel has more structure than
kernels for a simple direct arrival, such as P or P diff. This is true in general for later arriving phases, especially when observed on the radial
or vertical components, which involve many SV -to-P and P-to-SV conversions. As remarked earlier, the associated rapid oscillations in the
amplitude of the kernel provide no constraints on relatively smooth structure.

C© 2008 The Authors, GJI, 174, 265–286
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SKS splitting sensitivity

sensitivity is not strictly zero in the D00 layer, it is nonsig-
nificant compared to the sensitivity in the upper mantle.
Single-receiver SKS-splitting measurements alone are thus
unlikely to constrain the D00 region well.

Adjoint sensitivity kernels may exhibit numerous struc-
tures off the first Fresnel zone. Some of these are due to
structural discontinuities in the reference model (isotropic
PREM), for example, the oscillating positive and negative
small-scale structures near the surface (Figs. 6 and 7). These
structures are organized as rings around the receiver and are
confined to the crust. They are due to scattered waves trapped
in the crust, which arrive at the receiver in the selected SKS
time window. Because the adjoint method is a full-wave ap-
proach, it naturally considers the sensitivity of all of the
waves that arrive in the selected window. Accordingly, these
crustal sensitivity structures do not show up if the kernels are
computed in a model without Moho discontinuity. This effect
is more important at 8 sec than at 13 sec (Fig. 7) because
the shorter period wave field is more affected by the presence
of the crust. This means that short-period (<10 sec) SKS-
splitting data are sensitive to small-scale crustal heterogene-
ities. The circular patterns visible at different depths in the
mantle in the depth sections shown in Figures 6 and 7 are
also observed in a smooth mantle model (without wave speed
discontinuities nor gradients). This suggests that these pat-
terns are likely caused by reflected waves at the free surface
from incident SKP waves that are backscattered in the mantle
and reach the receiver in the SKS time window (Sieminski
et al., 2007b).

In anisotropic media with hexagonal symmetry and a
horizontal axis, the parameters K0

c;s, M0
c;s, and D0

c;s are zero.
In this case, the only relevant parameters for the SKS-
splitting intensity are thus G0

c;s, in agreement with previous
work (Montagner et al., 2000; Favier and Chevrot, 2003).
For this very specific type of anisotropy, the parameters
G0

c;s are directly linked to Favier and Chevrot’s (2003) pa-
rameters γc;s, such that G0

c ! "β2γc and G0
s ! "β2γs (with

β the isotropic S-wave speed). The sensitivity kernels for the
two parameterizations are also simply related by

Kγc ! β2#2KH0
c
" KG0

c
$≃ "β2KG0

c
;

Kγs ! "β2#2KH0
s
" KG0

s
$≃ β2KG0

s
;

(20)

becauseKH ≃ 0 for the SKS-splitting intensity (Fig. 6). With
these relations, our numerical results can be readily com-
pared to those of Favier and Chevrot (2003). There are dif-
ferences, however. The numerical computation takes fully
into account the directional dependence and all other com-
plexities of wave propagation, such as free-surface and near-
field effects. Favier and Chevrot (2003) do not consider these
effects. Their description captures the major part of the azi-
muthal dependence of the sensitivity, but it misses the part of
the dependence with incidence. Because they consider plane
waves, the incidence angle of the incoming wave is fixed.
The variation of the incidence along the path beneath the re-
ceiver in the upper mantle is indeed small (for a 105° path it
varies from 20° at 1000-km depth to 8° at the surface), but it

Figure 7. Variation with azimuth and period of the SKS-splitting sensitivity to the parameters G0
s;c. The period T is the minimum period

of the adjoint spectral-element computation, and ξr denotes the azimuth at the receiver. The sensitivity to G0
s and G0

c varies asymptotically
with cos 2ξ and sin 2ξ, respectively. The first image from left is the same as in Figure 6. The zone of significant sensitivity (dark red or dark
blue regions) is limited to the transition zone (about 550-km depth in the first image, 300 km in the second image, and 400-km depth in the
last two images).

1808 A. Sieminski, H. Paulssen, J. Trampert, and J. Tromp
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Answer: it all depends on what you measure

What is the width of a ray?
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https://www.geoazur.net/GLOBALSEIS/Soft.html
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two ways to solve:

• Direct inversion of the system  Am = d
   expensive on memory, fast for 1D starting models

• Search in the direction of the gradient of 
   Χ2 = |Am - d|2
    expensive on CPU, flexible for 3D 
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Yang et al., EPSL 2006

Azores: resolution for f>0.1 Hz:

and including also 0.03-0.1 Hz: 
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It works!

Sigloch et al.,
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EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

graphic model. Our inversion variables are VS and
VB. The topography of primary interfaces (Moho
and basement surface) is fixed, anisotropy is not
permitted, and attenuation does not change.

We present our new crustal model on both
relative and absolute scales (8). First, the update
to the seismological model (the relative scale)
reveals the changes to the initial SCEC model
that are required by the data. We compute the
update as ln(m16/m00), wherem16 is the sixteenth
iteration from the initial model m00. Second, the
seismological model itself reveals the absolute
model parameters (e.g., wave speed in units of
km/s) and is more relevant for geologic and geo-
dynamic interpretations. All cross sections dis-
cussed below are of VS models (m00 and m16).
The VS model is better resolved than the VB
model (fig. S9).

Figure 1 shows the iterative improvement from
m00 to m16 of a single three-component seismo-
gram. The initial travel-time difference (or “time
shift”) for the Rayleigh wave in the 1D model is
9.60 s on the vertical component (Z) and 9.85 s on
the radial component (R). In the initial SCECmod-
el (m00), the Rayleigh wave time shift is 7.00 s (Z)
and 7.30 s (R). After 16 iterations, the time shifts
are 0.95 s (Z) and 1.00 s (R). The evolution of the
transverse component is more dramatic, because
there is virtually no energy between 110 s and
140 s in the SCEC model, and thus there is no
time shift to identify. After 16 iterations, the time
shift is 0.05 s, and the synthetic transverse-
component seismogram captures the main shape
of the waveform up to 130 s. Using the technique
of (17), we determined that the waveform from
100 to 112 s is a wave reverberating between the
surface and the Moho, whereas the waveform
after 112 s is a Love wave.

The tomographic update, ln(m16/m00), con-
tains three principal features (Fig. 1A). First, there
is the addition of the southern San Joaquin basin

(22), marked as a −35% (slow) anomaly [with
respect to (19)] immediately above the earthquake
source. The basin resonates, influencing the Love
wave observed after 112 s. Second, the VS of the
western Mojave is increased in the upper 3 km,
decreased in the depth range 5 to 15 km, and
increased in the depth range 18 to 26 km. Third,
east of the Camp Rock fault, there is a −10%
change in wave speed, probably associated with
Quaternary volcanism (23, 24). Only through
multiple iterations is it possible to isolate the
locations and amplitudes of these changes.

Fits were also improved within the region con-
taining the higher-resolution basin models (14). In
Fig. 2, the seismic wavefield interacts with the
Los Angeles and Ventura basins before reaching

station STC. The SCECmodel captures the reso-
nance, duration, and approximate amplitude of
the observed seismogram, but the final 3Dmodel
is markedly better. In particular, the fits for the
amplitudes are improved, even though amplitude
differences are not built into the misfit function.
This demonstrates that the 3D structural changes
to the initial model induce additional focusing
and amplification of the seismic wavefield.

Our overall assessment of the misfit reduction
from the initial SCEC model to the final model is
based on 12,583 different paths (such as Fig. 1)
that capture 61,673 time windows for measure-
ment (table S2). This assessment cannot be based
simply on a travel-time misfit function, because
there are many seismic waveforms in the final
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Fig. 2. Synthetic seismograms (red) and recorded seismograms (black) for the
period range 6 to 30 s for a path from an earthquake beneath Chino Hills (Mw
5.4, depth 14.2 km), east of the Los Angeles basin, to station STC.CI (distance
137.1 km), within the Ventura basin. Synthetic seismograms are generated

using a 1D layered model, the initial 3D model (m00), and the final 3D model
(m16) for all three components: vertical (Z), radial (R), and transverse (T). This
earthquake was not used in the tomographic inversion, i.e., it is one of the
“extra” earthquakes analyzed in Fig. 3.

Fig. 3. Waveform mis-
fit analysis for the initial
and final tomographic
models. The analysis is
performed for 143 earth-
quakes used in the inver-
sion (A and B, “tomo”),
as well as for 91 addi-
tional earthquakes not
used in the inversion (C
and D, “extra”). See ex-
panded version in fig.
S3. (A) Waveform differ-
ence misfit values (16,
section S2) for windows
used in the inversion. (B)
Waveformdifferencemis-
fit values for full seismo-
grams containing at least
one measurement win-
dow. (C and D) Same as
(A) and (B), but for the
set of extra earthquakes.
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variety of seismic data sets (15). Several different
approaches have been used to determine earth-
quake source parameters (16). Finally, an accu-
rate wave propagation code, using the SEM, has
been applied to simulate seismic wave propaga-
tion in the region (15), with recent modifications
to facilitate an inverse problem (17).

We wanted to use an initial seismological
Earth model that produces the maximum num-
ber of measurements for a given set of earth-
quakes.Hence,we beganwith a 3Dmodel (14, 15)
rather than a standard 1D layered model for south-
ern California. The initial model was provided
by the Southern California Earthquake Center

(SCEC) and contains results from several differ-
ent data sets: seismic reflection and industry well-
log data to constrain the geometry and structure
of major basins, receiver function data to esti-
mate the depth to the Mohorovicic discontinuity
(Moho), and local earthquake data to obtain the
3D backgroundwave-speed structure. Themodel
is described in terms of shear wave speed (VS)
and bulk sound speed (VB), which can be com-
bined to compute compressional wave speed,
V 2

P = (4/3)V 2
S + V 2

B. We extended the simulation
region of (15) westward, so as to include the
Coast Ranges (fig. S1). We also implemented a
more recent version of the background model

(18, 19), and we obtained density (r) by empir-
ically scaling VP (20). Topography and bathyme-
try are included, and stations in the simulations are
situated at their proper elevations.

In our inversionmethod,wemeasured frequency-
dependent travel-time differences between simulated
and recorded seismic waveforms (16, 21). This
involves measuring both body waves and surface
waves on all three components (vertical, radial,
and transverse), whenever possible. The inversion
required examination of 52,000 three-component
seismograms of 143 crustal earthquakes. We use
an adjoint method to compute the gradient of the
misfit function to obtain each update to the tomo-
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Fig. 1. Iterative improvement of a three-component seismogram. (A) Cross
section of the VS tomographic models for a path from a Mw 4.5 earthquake
(stars) on the White Wolf fault to station DAN (triangles) in the eastern Mojave
Desert. Vertical exaggeration is 3.0. Upper right is the initial 3D model, m00;
lower right is the final 3D model,m16; and lower left is the difference between
the two, ln(m16/m00). Faults labeled for reference are San Andreas (SA),
Garlock (G), and Camp Rock (CR). (B) Iterative three-component seismogram

fits to data for models m00, m01, m04, and m16. Also shown are synthetic
seismograms computed for a standard 1D model (table S1). Synthetic seis-
mograms (red) and recorded seismograms (black), filtered over the period
range 6 to 30 s. Left column, vertical component (Z); center column, radial
component (R); right column, transverse component (T). Inset “DT” label
indicates the time shift between the two windowed records that provides the
maximum cross-correlation (16, 21).
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