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SUMMARY

Although much is known of the 3-D structure of the Earth, existing models do not
make use of much that is known about the large structural perturbations near the
surface. It has long been known, for example, that continental and oceanic crustal
structures are quite different, and that these differences are evident in the dispersion
of Love and Rayleigh waves sampling continental and oceanic paths. Such
differences are largest at periods of less than about 100s. Existing global models do
not adequately account for such data, and make allowances for crustal structure in a
very approximate way, owing to the incompleteness of information on the global
distribution of crustal parameters. As a result, variations in, for example, crustal
thickness translate themselves into model artefacts extending to great depth. This
can be seen as one aspect of the imperfect resolution of the existing global models.
In order to construct higher resolution models of the Earth’s outer shell (0-200 km
depth), it is necessary to gain more precise knowledge of near-surface structure by
incorporating data that have sensitivity to the details of the depth distribution of
heterogeneity near the surface. As a first step we analyse a large data set of
fundamental-mode Rayleigh and Love waveforms to obtain global phase-velocity
maps in the period range 40-150s. Minor and major arc phase velocities have been
determined from about 24000 digital GDSN and GEOSCOPE seismograms
recorded between 1980 and 1990. In order to make such measurements in an
automatic way, we have developed a method, using non-linear waveform inversion,
in which velocity and amplitude, as a function of frequency, are expanded in
B-splines. The waveform data are inverted for the B-spline coefficients, with the
application of an explicit smoothness constraint that protects against unwanted
effects, such as those due to notches in the amplitude spectra, and avoids some of
the problems associated with the phase ambiguity. The cost function (which is
minimized in a least-squares sense) presents many local minima, and a good initial
model is needed; this is derived by integration of group velocities.

The measurements made using this new technique are then used in a global
inversion for phase-velocity distributions of Love and Rayleigh waves, expressed in
terms of a spherical harmonic expansion. We show resulting phase-velocity maps up
to degree and order 40. These maps are corrected for possible artefacts due to the
truncation of the spherical harmonic expansion. We present a detailed resolution
analysis which shows that global lateral resolution for surface-wave tomography is of
the order of 2000 km. Love-wave phase velocities show a high correlation with
known upper mantle structure at long periods and with crustal structure at shorter
periods. Similarly, Rayleigh-wave phase velocities correlate well with known
tectonic features, but show no clear crustal signature owing to their different
sampling of the structure with depth.
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1 INTRODUCTION

The dispersive properties of surface waves have been used
to infer the Earth’s internal structure since the early
twenties. Gutenberg (1924), using data collected by Tams
(1921), explained the dispersion differences between surface
waves propagating along oceanic and continental paths in
terms of properties of the Earth’s crust. Throughout the
next few decades, many scientists studied different parts of
the world and produced average regional models based on
surface-wave data. The important crustal types (shield,
mid-continent, etc) that have emerged from surface-wave
studies are summarized in Brune (1969). Similarly, Dorman
{1969) reviews different regional upper-mantle models
derived from surface waves. More recently, much work has
been done at very long periods, leading to rather precise
knowledge of the global distribution of phase velocities at
periods greater than about 150s, for low degrees in the
spherical harmonic expansion of heterogeneity. For
example, by measuring the shifts in spectral peaks, Masters
et al. (1982) discovered a strong pattern of degree 2 in the
phase velocities of Rayleigh waves at periods greater than
200s. Nakanishi & Anderson (1982, 1983, 1984) made
expansions up to degree 6 using measurements of group and
phase velocities. Woodhouse & Dziewonski (1984) intro-
duced a technique of waveform inversion in which the direct
measurement of group and phase velocities was avoided;
nevertheless, since the largest features in their data set were
the fundamental-mode Rayleigh and Love orbits, their
models accurately represent the distribution of phase
velocities at periods greater than about 150s. Wong (1989)
measured phase and amplitude anomalies by a deconvolu-
tion procedure, using synthetic seismograms, and con-
structed phase-velocity maps up to degree 12 for Rayleigh
and Love waves in the period range 150-300s. Here we
adopt a similar approach, but seek to apply it at shorter
periods (40-150's), overlapping with those used in the early
studies which first identified strong regional differences.

The aim of this paper is to produce phase-velocity maps at
frequencies sensitive to the structure of the crust and
uppermost mantle and to assess the lateral resolution
achievable with modern surface-wave coverage. The great
wealth of available digital seismograms demands new ways
of processing. It is now possible to have all these data
online, and our concern has been to design an automatic
analysis procedure. We will describe a new non-linear
waveform inversion for amplitude and phase velocity as a
function of frequency. Special care will be taken to describe
the usefulness of the explicit smoothness constraint that we
apply. We show that the additional introduction of
group-velocity information allows the algorithm to be
automated. We briefly describe the data used and the
construction of global phase-velocity maps expanded on a
spherical harmonic basis. Special care has been taken to
avoid possible artefacts resulting from the truncation of the
expansion. Finally, we present a detailed resolution analysis
and briefly discuss the results and compare them with
previous work.

2 PHASE-VELOCITY MEASUREMENTS

We propose a new approach to waveform inversion, which
directly inverts the relevant part of the seismogram for

amplitude and phase anomalies with respect to a reference
model. The approach is general and may be applied to
single-station, two-station or great-circle paths.

2.1 Waveform inversion

Let D(w) be the Fourier transform of the normalized
observed seismogram supposed to contain a fundamental
surface-wave mode only, and S(w) the corresponding
fundamental-mode synthetic seismogram computed for a
given earth model. Normalization is performed by dividing
each seismogram by its rms amplitude. We may write

D(w)=A(w)exp [~ iwAds{w)]S(w), (1)

where A(w) denotes the amplitude correction and 8s(w) the
phase slowness perturbation with respect to the earth model
employed. A is the station—-event distance and o the angular
frequency. We expand amplitude and phase in terms of
cubic B-splines (e.g. Lancaster & Salkauskas 1986):

N

A(w) = 2, aB,(w), @)
M

8s(w)= 2 BiBi(w), (3)

with B,(w) the ith cubic B-spline and «, and B; constants to
be found. In the following, we will drop the explicit
frequency dependence of D(w), S(w), A(w), 8s(w) and
B,(w) in our notation. Eq. (1) contains both real and
imaginary terms, and we can write the following amplitude
equation, completely decoupled from the phase terms:

ID|=AIS|=f(w, a,). 4

Eq. (4) defines a simple linear inverse problem for the
coefficients «, defined in (2), where the partial derivatives
are given by
of ()

da;

i

=B, IS\ ()

Similarly, from (1) we obtain two phase-velocity equations:

Re (D) = A[Re (S) cos (wASs)

+ Fm (S) sin (wAbs)] =g(w, B,), (6)
Im (D) = A[Fm (S) cos (wAds)
— R (S) sin (wA8s)] = h(w, B;), (7

In contrast to eq. (4), expressions (6) and (7) define a
non-linear inverse problem for the coefficients B;, with the
«; known. This problem will be solved iteratively, and after
each step the partial derivatives are updated using

%i;—“"): A{—wAB, % (S) sin (wAbs)
+ wAB, I (S) cos (wASs)], (8)
%}‘f’) ~ A[—wAB, Jn (S) sin (wASs)

— wAB; % (S) cos (wA8s)). (9

The inverse problem for the phase coefficients 8; is highly
non-linear, particularly at higher frequencies, and its
solution is dependent on the starting model. In order for it



to converge uniquely to the final solution, some other
information is needed. We have chosen to introduce
group-velocity measurements, which are secondary observ-
ables easily calculated from the seismograms. Knowing that

c(w)

Ulw)= 1 - wc'(w)/c(w)’

(10)
where U(w) and c(w) are group and phase velocities,
respectively, and ['] denotes the derivative with respect to
w, it is straightforward to show that the group slowness
perturbation is given by

6<1>—8 os' =
U= s + wds' =k(w, B;). (11)

In contrast to (6) and (7), this equation corresponds to a
linear inverse problem for the coefficients 8, defined in (3)
with the following partial derivatives:

ak(w)
aB;

Our inverse problem for amplitude correction and phase
slowness perturbation is now completely defined, and will be
solved with a standard least-squares algorithm (Tarantola &
Valette 1982). The data are related to the model by
d=+vy(m) and the estimated model m minimizes the cost
function

®(m) = [d - y(m)]"C, '[d — y(m)] + m"C,.'m, (13)

which expresses the classical trade-off between data fit and
minimum model norm. Matrices C, and C.,, the a priori
covariance matrices of data and model, quantify the
expected data variance and model norm. The specification
of the covariance matrices will be described below. Matrix
C,. will be chosen to apply smoothing to the solution as a
function of frequency. The solution is sought iteratively
using the algorithm

m,,=my+(GC;'G+CH!
X GTC;'[(d — vy(m,)) + G(m, — m,)]. (14)

The algorithm (14) may be applied to linear as well as to
non-linear sets of equations. For a linear problem, (14) will
converge in one iteration. This applies to expressions (4)
and (11), whereas the solution of the non-linear equations
(6) and (7) needs multiple iterations. The practical
implementation of the algorithm is further described below.

=B, + wB,. (12)

2.2 A priori information

Dispersion curves are intrinsically smooth. The effects of
lateral and vertical heterogeneities are averaged during
surface-wave propagation, depending on distance and
frequency, respectively. From a physical point of view it is
reasonable, therefore, to introduce a smoothness constraint
into the inversion algorithm. We require the roughness of
the model to be minimum. The roughness of a function
m(w) may be defined as

[

where the function m(w) is twice continuously differentiable
between w, and w,. Our model is expanded on a B-spline
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basis whose elements are twice continuously differentiable,
and we obtain

o [N 428 2
R:f [2 E,ﬁ'(z‘”)] do (16)
w; Li=t dw
or, in matrix form,
R =e"He, (17)
where
“¥d’B(w)d’B,
- [ LB,
v, 4o dw

We shall write
C.'=AH, (18)

where A (>0) plays the role of a smoothing parameter
controlling the trade-off between roughness and fit to the
data. C.' is band-diagonal and allows very efficient
calculations. This approach is closely related to that of
Constable & Parker (1988), where the practical implemen-
tation of B-splines and regularization with smoothing splines
is described in detail. The above development shows how to
introduce an explicit smoothness constraint in a least-
squares inversion using algorithm (14). Because the data
have been normalized prior to inversion, C;' is chosen
equal to the identity matrix, the magnitude of the data
variance being absorbed in the parameter A.

In addition to having a physical meaning, we will explain
how this smoothness constraint has practical advantages in
our measurements, avoiding problems related to notches in
the spectrum and the phase ambiguity.

2.3 Automatic algorithm

The waveform inversion for amplitude and phase velocity as
a function of frequency is completely automatic. This means
that at no stage does an operator have to interact in the
process to make a decision (e.g. data too noisy, poor final
data fit). To make sure that the final result corresponds to
correct measurements, a number of safe-guards need to be
built into the algorithm. The methodology used in this paper
is motivated by surface ray theory, and some consequences
of this approach are discussed in Section 5.

(1) The waveform to be inverted consists of fundamental-
mode surface waves cut from the complete seismogram
using a group-velocity window. We consider as noise that
portion of the seismogram before the start of the
fundamental-mode surface wave. This noise signal is also
defined by a group-velocity window. We compute the
maximum amplitudes of the envelope of the noise signal and
the total signal. The fundamental surface waveform is
considered to be pure if the signal-to-noise ratio is above a
certain threshold, which we fixed to be 7. This simple
consideration is very effective in detecting higher mode and
S-wave interference, or poorly excited surface waves for
deep and/or small events. Approximately 60 per cent of all
considered waveforms are rejected with this criterion. We
considered data from magnitude 5.5 onwards and most of
the rejected data correspond to magnitudes below 5.9.
Above magnitude 5.9, rejections were almost exclusively of
waveforms corresponding to major arcs.

(2) In order to obtain the phase velocity, it would be
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Figure 1. Observed (solid line) and predicted (dotted line) amplitude spectrum of a Love wave recorded at station CRZF at a distance of
16378 km from the epicentre. The event has a magnitude of 5.8 and the reference 010590D in the Harvard CMT catalogue. The observed
spectrum clearly shows 4 notches, which have been interpolated during the inversion. The variance reduction of only 80 per cent indicates the

presence of notches.

sufficient to introduce the spectral ratio of the observed to
the synthetic signal at each frequency into eqs (6) and (7).
Instead, we have chosen to invert eq. (4) for the coefficients
a, of the B-spline expansion of the amplitude correction.
With the constraint (18), we recover a smooth interpolation
of the spectral ratio of the observed over the synthetic
signal. We fixed A =107° which means that priority is
nevertheless given to fitting the data. This weak requirement
of smoothness is effective in interpolating through notches in
the observed spectrum, where the phase may be poorly
defined. Below a certain threshold of variance reduction,
which we fixed to be 85 per cent, there is a high probability
that such notches occur and we reject the data. Consider the
example in Fig. 1, where we see 4 notches in the spectrum.
The variance reduction is 80 per cent in this case, and the
seismogram is rejected. Allowing a phase-velocity deter-
mination for this example showed that it is not possible to fit
the phase at periods near 180s. Many other factors may
affect amplitude measurements. We believe that, with a
correct instrument response and correct source parameters,
spherical earth models should allow amplitudes to be
predicted to within a factor 3, at least at long periods, and
we elected to reject all seismograms where amplitude
predictions vary by more than a factor 3 at any given
frequency with respect to the observed data. The aim of this
rather conservative criterion is to select data for which the
source parameters are well known and for which departures
from ray theory are not too large. About 25 per cent of all

considered waveforms did not pass this amplitude test and
were eliminated; the number of rejected seismograms is a
decreasing function of earthquake magnitude. Among the
possible causes for such poor amplitude agreement are (i)
inaccurate source parameters, (ii) focusing, defocusing and
off-path propagation due to lateral refraction, (iii)
multipathing, and (iv) departures from ray theory. A recent
study by Friederich er al. (1994) has shown that such effects
can be large, particularly for frequencies somewhat higher
than those used in the current study. All such effects will be
particularly significant near nodes in the surface-wave
radiation patterns, and the amplitude test has the desirable
effect of eliminating such paths from further analysis.

(3) The inversion of eqs (6) and (7) is a highly non-linear
problem for the coefficients B, corresponding to the B-spline
expansion of 8s. The cost function has many local minima
and the solution is dependent on the starting model. We
have chosen to integrate the group velocity, a secondary
observable readily calculated from the observed seismo-
gram, to obtain a starting model compatible with the same
original waveform. At this stage, any data with a
group-velocity perturbation greater than 10 per cent with
respect to the chosen earth model are eliminated. In

+ practice, this involves solving (11) for the initial B-spline
coefficients of the phase slowness perturbation. This
problem is linear and straightforward. Again we have given
priority to the data fit and used A = 107° in (18).

(4) Starting with the model calculated from the group
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Figure 2. Undamped (solid line) and smooth (dotted line) phase-velocity determination from a major-arc Rayleigh wave recorded at station
DRV. The distance is 27 095 km, and the event is the same as for Fig. 1. The undamped solution presents 2z-jumps at periods 100 and 65 s. The

smoothness constraint correctly eliminates these jumps.

velocity, the solution converges to the absolute minimum of
the cost function. Even with a good starting model, egs (6)
and (7) are so rapidly varying in 8s that the probability of
divergence of the algorithm is not negligible. We simply
added the group-velocity data to the system again to act as
linear constraints (with a relative weight 107> of the phase
data). This means that our final phase velocities are
compatible with the phase of the original seismograms as
well as with the measured group velocities.

(5) The last problem to overcome is due to the
fundamental phase ambiguity in the seismograms arising
from the multivalued nature of the Fourier phase. If we gain
a complete cycle in phase, the corresponding phase slowness
changes by 27/wA. The nature of the inverse problem is
such that the solution stays as close as possible to the initial
model. The result is jumps of 2x/wA in the final slowness
perturbation. If we require the slowness perturbation to be
sufficiently smooth, such jumps are not allowed, and the
solution follows the correct number of cycles in the phase.
Note that exactly the same is done manually, where the
integer arising from the multivalued Fourier phase is
determined so that the measured phase velocity connects
smoothly from period to period. Fig. 2 clearly shows the
effect of the smoothness constraint. We used A =1072,
which is sufficient to avoid jumps of 2n/wA. We require that
the data variance reduction reaches at least 85 per cent and
that at no frequency is the perturbation higher than 10 per
cent with respect to the earth model. Finally, we make a
global 2n/wA shift, so that the phase velocity is closest to
that of the spherical earth model at a period of 150s.

The amplitude and phase-velocity measurements are set
up as a non-linear waveform inversion and are completely
independent of an interactive operator. The algorithm
depends on a few parameters which have been carefully
tuned from the manual analysis of numerous seismograms.
Some of the selection criteria are very conservative. They
have been chosen with the aim of having well-excited,
purely fundamental-mode, surface waves at all frequencies
considered, and reasonable corresponding source para-
meters. The data fit for a finally selected waveform is best
seen in Fig. 3, where we have randomly chosen a
seismogram and compared it with the predicted seismogram
after inversion. Besides the representation of the complete
waveforms, the observed and predicted seismograms have
been narrowband-filtered at periods of 150, 80 and 40s and
show a good fit for each frequency band.

3 DATA

The raw data set consists of long-period Love and Rayleigh
waves. We considered all digital data available from the
GDSN and GEOSCOPE networks recorded between 1980
and 1990. We selected data for events with a magnitude
greater than 5.5. The minimum distance between station and
event was set to 20° to avoid possible interferences between
S waves and surface waves as well as near-field effects. The
maximum allowed distance was chosen to be 160° to avoid
possible interferences between minor- and major-arc waves.
Seismograms have been rotated to radial and transverse
components and resampled at 1 point every 16s. Love
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Figure 3. (a) Observed (solid line) minor-arc Rayleigh wave and its corresponding predicted waveform (dotted line) after inversion for station
PAF. The synthetic seismogram computed with PREM (dashed line) is also shown with an offset of —10. The distance is 16 610 km and the
events are the same as for Fig. 1. (b) Narrowband-filtered observed (solid line) and predicted (dotted line) waveforms from Fig. 3(a). Top:
filtered around 150s, middle: filtered around 80s and bottom: filtered around 40s.



waves are measured on transverse components, and
Rayleigh waves on vertical components.

Each observed seismogram was time-variable filtered
(Cara 1973) using the group velocity corresponding to
PREM (Dziewonski & Anderson 1981). The time interval
around the group arrival time was chosen to be sufficiently
large as to avoid any loss of energy in the observed surface
wave, which was reconstructed between periods of 35 and
250s. Corresponding to each observed seismogram, we
computed a synthetic seismogram using normal-mode
summation (Gilbert 1971; Dziewonski & Woodhouse 1983).
The source parameters (origin time, source duration, depth
and moment tensor) were taken from the Harvard
catalogue. Latitude and longitude were taken from the
NEIS or the ISC catalogue, since we anticipate that, while
depth estimates from long-period waveforms improve upon
those determined from arrival-time data, the epicentral
locations probably do not (Dziewonski & Woodhouse 1982).
We assumed the source parameters to be correct and did not
allow for any perturbations in the inversion scheme. The
synthetics were calculated using the Preliminary Reference
Earth Model (PREM; Dziewonski & Anderson 1981). An
ellipticity correction was introduced at this stage, and the
instrument response of the observed seismogram was
applied. We cut the seismograms with group-velocity
windows of 5.3-3.3kms ' and 4.8-3.0kms™' for Love and
Rayleigh waves, respectively. The noise signal, referred to
above, was defined by the group-velocity windows of
53-48kms™' and 4.8-4.4kms~! for Love and Rayleigh
waves, respectively.

As mentioned before, the waveform inversion is
completely automatic. A number of safe-guards are built
into the algorithm. If all the required conditions described in
the previous paragraphs are fulfilled, the measurement is
deemed satisfactory and included in the final inversions.

The number of paths surviving these tests, including
minor and major arcs, was approximately 24 000 (10 000 for
Love and 14000 for Rayleigh waves). This corresponds to
about 10 per cent of all considered waveforms. All
seismograms are treated in exactly the same way, with the
same explicit a priori information resulting in the most
homogeneous phase-velocity and amplitude data set to date.
The precise coverage is summarized in Table 1. A map of
great-circle path coverage would show all parts of the Earth
sampled, with GDSN data mainly covering the American,
Eurasian and Pacific plates, and GEOSCOPE data mainly
covering the African, Indo-Australian and Antarctic plates.
Although the data coverage is excellent in this study, it is
not homogeneous owing to the distribution of earthquakes
and stations.

4 GLOBAL PHASE-VELOCITY MAPS

4.1 Inversion for phase-velocity distributions

We made average phase-velocity measurements over minor
and major arcs relative to the PREM phase velocities.
Explicitly, we may write for one given frequency that

5c(6,
d,:fc,.(e, @i(c—‘p)dg (19)
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Table 1. Total number of great-circie paths used in
this study. The data have been selected from the
GDSN and GEOSCOPE networks using both, LH
and VH, channels and correspond to cvents with a
magnitude greater than 5.5 in the considered time
span. In 1990, we only had access to data recorded
between January and July.

Year | Number Number of rays
of events Gy | G, R, R,
1980 231 | 567 11 653 89
1981 236 | 532 13 536 64
1982 229 643 ] 19 652 67
1983 290 | 1067 | 44 952 | 149
1984 243 | 752 | 27 767 | 122
1985 247 906 | 34 941 | 127
1986 249 | 924 | 31 893 | 144
1987 274 11192 | 51| 1582 170
1988 260 | 1047 | 52| 1672 | 168
1989 259 | 1252 | 57 | 2406 | 224

1990 166 | 758 1470

Total 2684 | 9640 | 339 | 12524 | 1324

where d, is the ith measurement, 8 and ¢ are colatitude and
longitude, respectively, G, are the data kernels, 6¢c(8, w)/c is
the true relative phase-velocity perturbation, and the
integration is over the sphere representing the earth. In the
general case, the data kernels describe the true sampling of
the earth by the surface wave. In the present study, we
assume the validity of the great-circle approximation, which
means that G, is zero everywhere except along the minor
and major arcs. Producing a phase-velocity map from such
measurements is then a simple interpolation problem, where
we have chosen to expand the relative phase-velocity
perturbations in a spherical harmonic basis:

L !

oS S tnViml60) o)
¢ i=0m=—1

where [/ is the degree and m the order of the spherical
harmonic Y,,,. This leads to a simple least-squares inversion
for the coefficients ¢, to be solved with eq. (14}, where the
derivatives are the integrals of the spherical harmonics along
the minor and major arcs. Following the ideas of Shure,
Parker & Backus (1982) and Parker (1994), we wish to
retrieve a smooth model and define the roughness of the
model over the sphere as

i i 2
R=[]2 3 &7, e
1=0m=—1

where Vi denotes the surface Laplacian. Requiring the
roughness of the model to be minimum, and using the
normalization convention of Edmonds (1960), similar
arguments to those in Section 2.2 lead to a diagonal a priori
model covariance matrix given by

(C.0; = Al + DT, (22)
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where j is the index numbering the (L + 1)? coefficients and /
is the degree of the corresponding spherical harmonic. A
(>0) again is a smoothing parameter controlling the
trade-off between roughness and fit to the data. Note that
the model covariance depends only on the degree of the
spherical harmonic and not on its order. In other words, all
coefficients corresponding to the same spherical harmonic
degree are equally weighted.

To describe the Earth’s structure fully, the set of spherical
harmonics must be complete, and hence the summation in
(20) has to be carried out to infinity. This would lead to an
ill-posed inverse problem. In practice, we are limited by the
finite resolution of the data, so that we have to choose an
upper limit L. The result of truncating the expansion is to
lead to a long-wavelength estimation of the true Earth,
where the maximum lateral resolution is given by the
highest degree considered. This looks like a very attractive
way of finding a smooth approximation to the true Earth,
but there is a hidden catch which may bias the retrieved
model.

This problem is related to ringing, as described in detail in
a spherical harmonic analysis of the geomagnetic field by
Whaler & Gubbins (1981). They showed that truncating the
spherical harmonic expansion generates side lobes in the
averaging kernels (Backus & Gilbert 1968) with a particular
prominent peak at the antipodes. This is analogous to
Fourier filtering. Truncating a Fourier spectrum with a
straight cut-off is well known to give ringing, and the same
applies to the spherical case. The remedy in Fourier analyses
is to taper the form of the cut-off, and Whaler & Gubbins
(1981) suggested the same in spherical harmonic analyses.
They progressively down-weighted coefficients correspond-
ing to higher and higher spherical harmonic degrees. A close
inspection of (22) shows that our a priori model covariance
does exactly the same: the higher the spherical harmonic
degree, the higher the damping of the corresponding
coefficients. An explicit smoothness constraint is thus a
natural way of reducing ringing.

The introduction of a smoothness constraint is thus
effective against possible artefacts due to ringing in
least-squares interpolation problems using model expansions
on incomplete sets of basis functions. We should, however,
not hide a drawback inherent to this approach, namely a
trade-off between bias reduction and lateral resolution.
Because we down-weight, or damp, coefficients correspond-
ing to higher and higher degrees, we have to expect that we
will not be able to retrieve completely the earth’s structure
corresponding to the highest degrees in our expansion. The
effective resolution should thus be expected to be lower than
suggested by the maximum degree L. We will discuss this in
greater detail in the following section. Another important
point is that the smoothness constraint (as well as any other
form of damping for that matter) imposes an a priori shape
upon the high-degree power spectrum, independently of any
structural information. This should be kept in mind when
relating the power spectra of models to the nature of the
Earth’s structure.

Our final models are the spherical harmonic expansions,
to degree -and order 40, of Love- and Rayleigh-wave
phase-velocity perturbations for the period range 40-150s.
As an example, results at 40s period are tabulated in the
Appendix. A complete set of numerical coefficients is

available from the authors on request. Figs 4 and 5 show the
relative phase-velocity perturbations of Love and Rayleigh
waves at 40, 80 and 150s.

4.2 Resolution

Algorithm (14) used to infer the spherical harmonic
coefficients for the phase-velocity maps allows a complete
resolution analysis. The resolution matrix obtained from
(14) applies to the coefficients itself, and its interpretation is
not straightforward. We prefer to convert the resolution
matrix into averaging kernels {Backus & Gilbert 1968) given
by

3c(8y, ¢y) zf
¢

A(B, ¢; 6y, ¢0) (23)

6.9
C

The above equation states that the relative phase velocity
estimated at position (8,, ¢,) is an average of the true
model over the whole Earth with weights A(6, ¢; 6,, ¢,),
the averaging kernels. The rotation of the resolution matrix
into the relative phase-velocity space is trivial and A is
readily calculated. Fig. 6 shows an example of an averaging
kernel, which ideally should be a Dirac function. In our
case, it is a peaked function at the central point, with no
prominent side lobes, as expected because we suppressed
ringing. To give a complete picture of the resolution we
would need to show such kernels for each point on the
Earth’s surface. As most of the area over which the true
model] is averaged is contained in the central peak, we have
chosen to represent the radius of the central peak only.
Maps of resolving radii are shown in Fig. (7) for Love and
Rayleigh waves. They are dependent only upon the path
coverage and the smoothness parameter A and give a good
representation of the lateral resolution that can be achieved.
There is a very high correlation between resolving radii and
ray density (high lateral resolution corresponds to dense
path coverage and vice versa), but resolving radii give
further quantitative information on the extent of lateral
resolution.

In general, lateral resolution is higher for Rayleigh waves
than for Love waves. This is particularly evident in the
Southern hemisphere for which most stations are located on
islands where the horizontal noise level is on average 10
times higher than vertical macroseismic noise. This results in
a lower ray-path coverage for Love waves than for Rayleigh
waves. The highest lateral resolution between 1000 and
1700 km, which corresponds to spherical harmonic degrees
of 40-23, is achieved only in some areas of the globe,
principally the Western Pacific and North America. Other
parts of the world have resolving lengths between 1700 and
2400 km (degrees 23-16). For Love waves, resolution in the
Southern hemisphere may go down to degrees 12—6 in some
areas. The trace of the resolution matrix gives the number of
independently resolved parameters, and hence also the
average lateral resolution. For Rayleigh waves the trace is
642, which suggests an average resolution of degree 24, and
for Love waves the trace is 529, corresponding to a
resolution of degree 22, which correlates well with the
average resolution obtained from the resolving radii. The
resolving radii are dependent on the smoothing parameter
A. The maps shown in Fig. 7 are obtained for A = 107*. If we
increase the smoothing parameter, the resolving radius will
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Figure 4. (a) Love-wave phase-velocity perturbation at a period of 39.982s. The variations are given in per cent with respect to the PREM
average. Yellow lines are plate boundaries, and yellow circles are hotspots. The smoothness parameter A = 107%. (b) As for (a), but for a
period of 79.689's and A =5 X 10™*. (c) As for (a) but for a period of 150.919s and A =107,
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Figure 4. (Continued.)

(a) RAYLEIGH Period 40.043 sec

-86.0
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Figure 5. As for Fig. 4(a), but for a Rayleigh wave at a period of 40.043s and A = 107, (b) As for Fig. 4(a), but for a Rayleigh wave at a
period of 79.909s and A =5 X 10", (c) As for Fig. 4(a), but for a Rayleigh wave at a period of 149.124s and A = 107>,
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Figure 5. (Continued.)
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Figure 6. Averaging kernel at latitude = 0° and longitude = 90° corresponding to the Rayleigh-wave path coverage and a smoothness parameter
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increase. To fix ideas, a map obtained with A =102 in the
case of Rayleigh waves will degrade to be comparable to the
Love resolving radii map obtained with A = 1074,

Another common way of accessing resolution is through
checkerboard tests. We constructed synthetic earth models
with equal-area cells of 10° and 4 X 10° square kilometres.
To simulate an inversion of data corresponding to these
models, it is sufficient to apply the resolution matrix to these
models. The results for the Rayleigh case can be seen in
Fig. 8. We clearly see that an average lateral resolution of
about 1000 km can only be achieved in the Western Pacific
and North America, whereas over the whole Earth we
obtain an average lateral resolution of around 2000 km. This
confirms what we have already seen from the resolving radii
maps.

Resolving radii maps are a good means to represent the
lateral resolution achievable in modern global surface-wave
tomography. Checkerboard tests only show how well the
particular chosen input checkerboard model is resolved.
Strictly speaking, they do not say anything about any other
input model, even for heterogeneity with a comparable
wavelength. Resolving radii, on the other hand, provide a
compact and more complete representation of the resolution
operator.

5 DISCUSSION AND CONCLUSION

The methodology used in this paper is motivated by surface
ray theory. In the measurement of mean-path phase

velocities, the smoothing constraint is applied because the
local dispersion relation along the path c(w) is everywhere a
smooth (analytic) function of frequency, and in ray theory
the phase of the signal is given in terms of the integral of
w/c(w) along the ray-path. The measurements are
expressed as mean phase-velocity anomalies (relative to the
reference model); however it is important to note that it is,
in fact, the anomaly in the phase of the signal that is
measured. In a case where the wavefield was well described
by ray theory, but the rays deviated greatly from the
great-circle path, the measurements would nevertheless be
valid. In the interpretation of the measurements, we have
made the further assumption that Fermat’s principle holds,
i.e. that the measurements correspond to path integrals
along the major- or minor-arc segments of the great-circle
path. This could be relaxed in future work, and thus one
could seek to interpret the same measurements in terms of
laterally refracted rays, as has been done at very long
periods by Wong (1989) and Pollitz (1994). The inversion, in
this case, becomes non-linear, and the great-circle
approximation employed here may be regarded as the first
iteration of an iterative scheme. It is undoubtedly the case
that there are many examples of off-great-circle propagation
and non-ray-theoretical effects (e.g. Lay & Kanamori 1985;
Woodhouse & Wong 1986; Snieder 1988; Levshin,
Ratnikova & Berger 1992; Laske, Masters & Ziirn 1994,
Friederich ef al. 1994). The extent to which such effects may
corrupt the models constructed under the simple assump-
tions made here can be determined only by extensive
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Figure 7. (a) Resolving radius corresponding to the Love-wave path distribution used in this study. The smoothness parameter A = 10"* and
the radii are given in km. (b) As for (a), but for Rayleigh waves.
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Figure 8. (a) Retrieved checkerboard for the Rayleigh-wave resolution with A = 10*, The original checkerboard has been constructed with
cells of approximately 10° square km of surface area. The amplitudes are relative to the input amplitude. The contour interval is 0.2: bold lines
represent zero contours, dashed contours negative amplitudes and solid contours positive amplitudes. (b} As for (a), but for a surface area of

4% 10° square km.

numerical simulations using more advanced algorithms for
the construction of the theoretical seismograms. The issue is
whether such effects enter as random noise to which the
inversion is insensitive, or as a signal tending to bias or,
indeed, to vitiate the results. Naturally, the frequency of
occurrence and the magnitude of such effects (in general
their statistics) are of importance, and will depend upon

the spectrum of heterogeneity. We have not addressed these
issues here. Instead we argue upon the basis of the large
variance reduction, particularly at higher frequencies for
which non-ray-theoretical effects are thought to be
strongest, that a significant part of the signal, well described
by ray theory, has been retrieved. The variance reduction at
longer periods is lower, mainly, we believe, because the
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Table 2. Correlation coefficients comparing our Love phase-velocity results with those
predicted by M84A (Woodhouse & Dziewonski 1984). The correlation coefficients are
given for each spherical harmonic degree, as well as for the total expansion (SH) and a
pixel-based average described in the main text. Also shown are total data variance

reductions,
Period | Variance Correlation Coeflicient
Reduction | D1 | D2 | D3 | D4 | D5 | D6 | D7 | D8 | SH Pixel
39.982 86% 0.60 | 0.60 | 0.35 | 0.28 | 0.28 | 0.25 | 0.25 | 0.26 | 0.23 | 0.03
59.932 80% 0.38 | 0.76 | 0.56 | 0.57 | 0.61 | 0.60 | 0.59 | 0.58 | 0.56 | 0.37
79.689 1% 0.07 | 0.82 | 0.69 | 0.72 | 0.75 | 0.75 | 0.73 | 0.69 | 0.71 | 0.64
99.709 66% 0.41 |0.85/0.75 0.79 | 0.80 | 0.80 0.77 ; 0.72 | 0.75 | 0.73
150.919 53% 096 (094|083 |083)|0.82|081}0.78]0.74|0.77} 0.79
amplitude of heterogeneity in phase velocity is much At 150s, our maps are in very good agreement with

smaller. Calculations by Woodhouse & Wong (1986) show
that at long periods (7 ~ 150 5s) the effects of off-great-circle
propagation are minor for the early orbits (R, R,, G, G,)
used here, at least for the low-order models used in their
study. The models derived here could be used as a starting
point to estimate such effects at higher frequencies.

The most original feature of this study is the
phase-velocity maps down to 40 s, much shorter periods than
used in any other study to date. The Love-wave model at
40s (Fig. 4a) shows a remarkable correlation with surface
topography and bathymetry, and hence with crustal
thickness. For Rayleigh waves (Fig. Sa), this resemblance is
almost absent, but here the correlation is very good with
certain tectonic features. This is to be expected: while Love
waves at 40s sample the surface, decaying exponentially
with depth, Rayleigh-wave sampling is more complex with a
maximum sensitivity at about 50km depth, and hence
Rayleigh waves have more sensitivity to upper-mantle
structure. These maps are very stable, and together with the
high data variance reduction (Tables 2 and 3) suggest that
the great-circle approximation is quite robust up to these
frequencies.

Considering longer periods, the waves are more and more
sensitive to upper-mantle structure. The mid-oceanic ridges
are the major low-velocity anomalies, together with regions
characterized by back-arc volcanism. The Atlantic ridge is
particularly well resolved for Love phase velocities (Figs 4b
and c). High velocities are associated with continental
shields and old ocean basins. Longer periods allow a
comparison with previous studies. We note a good visual
correlation of all major features between our models at 100
and 200s and those obtained by Montagner & Tanimoto
(1991) and Zhang & Tanimoto (1993).

Table 3. As for Table 2, but for Rayleigh waves.

results obtained by Wong (1989) for both Love and
Rayleigh waves. We made a more quantitative comparison
between our phase-velocity maps and those predicted by
MB84A (Woodhouse & Dziewonski 1984). We calculated
correlation coefficients for each spherical harmonic degree
(1-8) as well as for all degrees taken together. Furthermore,
we defined a pixel-based correlation coefficient, where we
divided the earth into knots every 3 degrees in latitude and
longitude. At each of those pixels, we calculated the
corresponding phase velocity. The final correlation
coefficient was then calculated for phase velocities at 7200
different points of the earth’s surface. The results are shown
in Tables 2 and 3. Figs 9(a) and (b) show the resemblance of
Love-wave phase velocities at 150s, corresponding to a
correlation coefficient of 0.79. In general, the correlation is
good at long periods, getting progressively worse at shorter
periods. This is to be expected, as M84A was constructed
using long periods. We find that the pixel-based correlation
coefficient is more sensitive to visual resemblance than the
total spherical harmonic one. Smith & Masters (1989)
calculated spherical harmonic degree by degree correlations
between their model, M84A and a model obtained by Davis
(1987). The degree-by-degree correlation coefficients
(Tables 2 and 3) with M84A indicate that our models at long
periods are also similar to those obtained by Smith &
Masters (1989), and hence to those by Davis (1987).

The spherical averages for Love phase velocities vary
from 0.17 to 0.07 per cent with respect to PREM,
corresponding to periods varying from 40 to 150s. For
Rayleigh phase velocities, they vary from 0.98 and 0.25 per
cent for the same period interval. At long periods these
results compare well with those obtained by Nakanishi &
Anderson (1984) for instance. Total data variance

Period | Variance Correlation Coefficient
Reduction | D1 | D2 | D3 | D4 | D5 | D6 | D7 | D8 | SH | Pixel
40.043 88% 0.12 { 0.60 | 0.48 | 0.51 | 0.56 | 0.55 | 0.56 | 0.54 | 0.53 | 0.44
60.147 82% 0.49 {1 0.74 | 0.68 | 0.75 | 0.80 | 0.79 | 0.77 | 0.74 | 0.74 | 0.73
79.909 2% 0.74 1 0.78 | 0.74 1 0.83 | 0.85 | 0.85 } 0.81 | 0.77 | 0.80 | 0.80
100.393 60% 0.84 1 0.80 | 0.76 | 0.85 | 0.86 | 0.86 | 0.80 | 0.77 | 0.79 | 0.81
149.124 2% 0.90|0.85|0.75]0.85|0.83]0811]0.71]|0.681}0.73| 0.73
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Figure 9. (a) Relative Love-wave phase velocity at 150s predicted by M84A (Woodhouse & Dziewonski 1984) with a spherical harmonic
expansion up to degree and order 8. The contour interval is 0.5 per cent: bold lines represent zero contours, dashed contours negative
amplitudes and solid contours positive amplitudes. (b) As (a), but for our model.

reductions at long periods are comparable to those obtained
by previous studies. The observed decrease in variance
reduction with increasing period (Tables 2 and 3) is not due
to different damping parameters, which only explains a few
per cent. This behaviour is generally observed (e.g. Zhang &
Tanimoto 1993), and, we believe, is a consequence of the

fact that the heterogeneous signal—the departure from
PREM-—is much larger at shorter periods.

We obtained Love and Rayleigh phase-velocity maps
between 40 and 150s using a new method of waveform
inversion for phase-velocity measurements. In the construc-
tion of the models, special care has been taken to avoid bias
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due to the truncation of the spherical harmonic expansion.
The main result is that at 40s, Love-wave phase velocities
show a significant correlation with crustal structure, whereas
Rayleigh phase velocities correlate better with tectonic
features. The stability of the maps and the high data
variance reduction suggest that the great-circle approxima-
tion is robust for the frequency range considered. At longer
periods, our results are comparable with those of previous
studies. Finally, a detailed resolution analysis shows that, for
modern surface-wave tomography, the average lateral
resolution is approximately 2000 km.
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APPENDIX A

The models are specified in terms of the normalized, real
spherical harmonics commonly used in representing the
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geoid (e.g. Stacey 1992). Writing the relative phase-velocity perturbation is given by

7 (1 —m) vz 771 SC & .
pr(6) = [(2 =8, 0) (2 +1) ——] P}'(cos 8), (A1) —=72 > (A cosme + B} sin me)p!(6). (A2)
([ + m) c =0 m=0
where P}(cos 8) are the associated Legendre polynomials, The coefficients A and B are those listed in Tables Al and

Table Al. Spherical harmonic coefficients, multiplied by 10000, corresponding to the relative Love-wave
phase-velocity model at 39.982s.

ITm A B ITm A B IT m A B IT m A
0 0} 17.39 3 291 3.17 11 2.92 4.27 31-6.551-12.49
1| 0| -65.51 4 9.83 | 13.61 12 -3.04 4.73 4| 8.68 -5.85
1| -38.46 | -22.03 5 3.53 | -21.59 13| -5.46 7.24 51-4.15| -340
21 0] -39.86 6 12.11 3.84 14 -3.81 3.74 6| 6.13 6.13
1 -43.16 | -58.87 7 5.57 8.45 1 15 01-11.54 71-0.27 -7.45
2| 72.22 11.14 8| -11.91 | 25.57 1 -9.14 0.64 8| -4.12 1.76
3] 0 6.94 9] -13.35 | 20.47 2 -7.80 -5.38 91 2.25 3.10
1} 22.78 | -16.01 10 { -25.50 5.35 3]-11.24 0.39 10 | -0.63 2.57
21 4210} 4713 1 11 0 14.92 4 -0.28 | 11.70 111 9.01 -8.77
3| -38.01 | -73.49 1 -9.26 -9.90 5 5.35 0.03 12 | -7.27 0.67
4| 0] -19.22 2 1-10.11 6.94 6 -12.87 9.80 13 | -1.92 9.93
1 24.34 9.54 3 8.46 7.01 7 -6.41 -9.22 14 | -6.12 4.81
21 18.12 | -16.43 4 6.62 4.21 8 357 -7.36 15 | -7.65 6.65
3| -48.90 7.62 51 -15.94 -4.28 9 -1.09 -3.92 16 | -1.94 -8.67
4 10.88 | -27.52 6 -7.41 -5.27 10 -0.88 -3.90 17 | -4.54 2.17
5| 0 41.46 7 8.47 | 14.97 11 -0.46 3.19 18 | -2.93 -1.38
111 23.23 10.50 8 -7.88 | -12.07 12 | 10.67 -2.19 | 19 G -2.05
2| -13.10 8.34 9 13.62 | -14.62 13 8.24 6.14 1 3.40 -2.03
3| -22.66 -6.24 10 1.74 -3.26 14 -1.31 5.35 2| 5.52 -5.73
41 -23.04 | -25.88 11 -9.00 -2.51 15 -5.86 -0.31 31 -4.72 -6.29
5 14.21 | -13.00 || 12 0 -7.38 16 0 4.69 41 2.59 -0.54
6| 0 -7.04 1 12.87 | 10.57 1 1.88 8.67 5| -5.17 -2.16
1] -12.38 | -14.13 21 21.80 2.51 2 -3.27 0.94 6 | -0.74 2.61
2 -8.69 | 25.99 3| -13.27 ; 10.77 3 14.17 8.86 71-1.40 1.17
3 -8.32 | -16.65 4 3.21 5.61 4 -0.55 1.30 81 4.86 -3.10
4] -19.16 | 14.52 51 10.09 ] 12.48 5 -7.02 | 10.87 9] 3.36 -0.36
54 32.22 1 28.06 6 3.39 -9.04 6 -7.48 6.23 10 | -1.07 -2.78
6| -16.28 | -11.79 7 10.76 | 10.66 7 -4.69 5.66 11| 6.84 -1.05
71 0 14.72 8 2.09 -9.14 8 -0.62 -8.71 12 | -3.61 6.10
1 -3.46 | -17.04 91 -11.52 1.32 9 5.86 7.01 13} -3.43 2.39
2 -5.89 -4.13 10 | -13.69 6.44 10 2.40 7.00 14 | -2.90 -7.02
3 -4.09 13.93 11 2.28 5.44 11 5.83 -4.95 15| 7.16 -1.51
4| 31.84 -1.50 12 -0.96 3.67 12 -7.59 1.97 16 | 6.69 -1.77
5 7.44 -3.65 1 13 0 4.97 i3 -7.92 7.83 17§ -3.09 6.61
6 5.37 13.90 1 4.26 -8.89 14 -2.29 6.91 18 | -3.75 4.05
7 -1.42 13.07 2 429 | 14.20 15 | -18.82 -0.47 19 | 7.31 0.30
8| 0 -7.36 3 11.81 | -14.31 16 6.51 8.67 || 20 0 0.55
1 -5.83 -1.14 4 2.38 -6.44 || 17 0 7.00 1 1.01 4.24
21-21.99 | -13.25 5| -6.30| 15.62 1 7.78 | 11.20 2| 626 -0.24
3 9.69 -6.82 6 1.68 | 13.28 2 2.65 9.30 3 -0.80 -2.11
4 -3.75 | -11.07 7 2.95 | 23.67 31]-16.08 | -13.26 41 0.74 -0.18
51 2148 -1.21 8 -0.01 1 -13.45 4 -6.34 9.37 51 291 1.17
6 7.93 | -11.90 9 -2.96 | -13.91 5 8.65 -9.87 6 | -2.03 -7.88
7 | -20.86 | -10.76 10 6.04 3.39 6 0.38 -6.23 71 5.55 1.61
8 7.37 | 22.82 11 11.56 -1.53 7 0.67 -1.03 81 045 -3.92
91 0| 1933 121 3251 -71.21 8| -025| -6.07 9| -0.08 4.45
1] -10.53 | -18.58 13| -0.07-10.34 9 6.87 | 13.36 10 | -0.35 § -0.57
2 -6.57 -3.32 | 14 0 11.65 10 5.08 | -11.99 11 | -0.90 -0.87
3 31.74 9.44 1 -0.85 9.97 11 7.68 -6.68 12| 7.13 2.86
4 291 | -12.21 2 13.68 | 14.19 12 -2.86 -0.16 13 { -0.52 0.22
5 -8.66 0.94 3 -6.20 3.51 13 -6.14 | 11.64 14} 0.30 -1.88
6 -2.59 | -18.22 4 -9.88 8.49 14 -3.92 1.76 15| 5.34 0.05
7 3.19 18.15 5 9.15 -2.31 15 5.01 -8.86 16 ] 3.13 -1.12
8 | -27.00 | -21.66 6 -3.13 -8.89 16 | 13.05 -9.93 17 | -1.29 -4.27
9 10.32 11.35 7 -5.38 9.54 17 -2.60 6.98 18 | -0.51 0.35
10| 0 10.52 8 -2.63 -1.25 §| 18 0 -0.78 19 [ 2.56 -2.16
1 4.01 7.36 9 2.99 | -10.42 1 4.16 7.21 20 | 3.45 7.96
L 2 19.14 2.52 10 -4.62 -1.25 2 -3.98 3.39
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Table A2. As for Table Al, but for Rayleigh waves at 40.043s.

;T
\

m A B ITm A B ITm A B ITm A B
0} 0| 9815 31-12.79 5.92 11 ] -222 ] 13.04 3| 0.77] -4.86
1] 0| -19.33 4 2.74 3.72 12| 040} -5.19 4| 6.72 | -9.84
1| -4221-14.89 5 0.87 | -4.07 13| -3.48 1.79 5( 6.28| 0.45
2, 0| -16.69 61 13.24 6.17 14 | 6.36 9.86 6| 1.13 | -1.33
1]-29.24 | -48.28 7 258 | -769 1 15| 0] -3.78 7(-1.27 | -2.56
2| 64.45 0.16 8| -13.26 0.77 1] 1.26 3.82 8| -5.45| -3.39
31 01 1190 91! -593} -240 21 -4241 -2.62 91 268 4.39
1] 19.35 | -16.66 10 | -22.18 | 10.46 3)-952| -7.05 10 | -5.05 | 0.27
21 11.87|-2292 11| 0| 11.68 4|1 7.72 0.67 11| 1.34 | -2.13
3| -35.54 | -48.02 1|-11.93 | -2.17 51 -4.32 2.59 12 [ -5.24 | 3.70
41 0] -1.31 21 -141| -4.08 6| -7.37 3.56 13 [ 1.57 | 12.45
1| 19.23 9.20 31 14.92 2.12 71 -4.54 | -11.46 14| 210 -7.12
2| -356| -6.51 4 1.06 5.35 8| -0.18 | -9.22 15| -0.46 | 3.64
3|-38.88 | -0.06 5 -3.89 | -17.54 9| 632 -5.80 16 | -0.76 | 0.03
4 1.10 0.33 6 171 -1.25 10 { -8371 -7.20 17§ 0.62 | -0.92
5| 0] 12.14 71 1225 | 16.68 11 ] -1.43 2.40 18 1 1.23 | -4.33
1| 2877 10.72 81-10.13 | -5.55 12| 4.06|-10621 19| 0| -0.78
2} -37.50 5.38 9 8.41 | -16.87 134 2201} -6.29 11-1.76 1 6.08
3 |-15.09 5.66 10 0.75 4.78 14| -6.99 | -1.49 2|-0.15| 2.81
41 11.29 | -34.95 11 5.18 | -10.95 15| 1.21| -0.37 3| 2.73| -9.94
51 17.16 6741112 0 2.70 16 | 0| 5.57 4 (-0.15| -1.17
6| 0 1.78 1| 14.58 | -1.70 1| -4.10( -2.63 5|-3.06| 0.84
1| -5.10 | -11.62 2 6.90 | -8.33 21 -089 | -4.61 6| 881} -6.97
21-16.17 | 27.84 3| -4.90 8.60 31| 2.86 8.39 71 259 0.84
3 2.20 | -3.21 4 -1.63 5.60 4| -042| -1.15 8| 1.18| 4.20
4| -5.81 | 1237 5] -341; 12.09 51 -5.00 | -0.57 91¢-741| -3.74
5| 26.53 | 26.35 6 -2.64 3.17 6| -3.12 4.12 10} 1.83 | -5.30
6| -571| -5.35 7 -1.24} -2.97 71 139| -1.40 11 1 -3.25 | -2.23
71 0 -3.70 8 277 -4.62 81 -159 1 -1.87 121-0971 195
11 -5.34| 14.41 9| -7.90| -2.00 9| 7.64 7.29 13 [ -1.96 | 2.23
2] -349 | -3.40 10| -9.34 3.61 10 | -1.05 3.64 14 | -2.66 | 1.12
3] -871| 16.36 11| -9.10| -7.58 11| 3.38) -5.16 15 8.49 ( 2.28
4 8.77 | 17.63 12 | -13.57 | -8.03 12 | -431 ] -2.21 16 | -6.78 | 1.51
5 9.651-2091 || 13} 0| -2.15 13 | -4.44 3.52 17 | -2.27 | 6.84
6| 12.33 | -18.23 1 9.07 | -2.54 14| 9.10 5.90 18] -793] 235
7 1.95 1.66 2 3.54 | 11.54 15 | -8.29 8.96 191 3.86] 2.95
8| 01 -9.37 3 6.73 | -8.89 16 | 1.58 2501 20| 0] 0.15
1| -8.10; -3.72 4 359 -004 (|17 0| 1.63 1|-1.86( 1.66
2| -17.88 0.05 51 -6.80 6.79 1] 4.58 1.49 2| 0.04| -1.88
31 -2.05 0.93 6 6.58 | -0.98 21 343} -2.01 31-0.131} -2.47
4| 14.52 { -10.59 7 4.46 | 23.31 3] -820| -1.49 4 (-1.73 | 3.90
5| -3.02| -4.33 81 -222| -3.45 4| -4.20 2.39 5|-580 | 242
6| -637| -3.66 9| -5.80| -9.68 5| 6.18 | -2.06 61-237| 2.82
71-2737| -5.76 10 | -4.06 3.43 6| -2.20 | -10.12 71 265 3.86
8| 13.46 6.20 11| -1.76 4.77 71 -299 -3.18 8| 462 1.30
91 0 3.04 12| 12.55] -5.46 8| -5.27 0.03 91-194| 1.10
1(-12.221-18.84 | 13 3.92 | -11.07 9 | 10.08 | 10.97 10 | -0.66 | -1.42
2| -12.62 193 {141 0 0.20 10| 354 | -3.43 11 | -2.25 | -2.84
31 29.05 4.63 1 1.75 | -6.05 11| 1.87 | -12.47 12 [ -1.54 | -1.53
4 193] -5.22 2 9.67 9.44 12 | -5.95 0.79 13 | -5.45 | 2.29
51 664} -1.74 31 -333} -1.15 13 | -4.30 0.23 14§ -1.35 | -1.03
6| -8.76 | -14.53 41 -10.48 0.77 14 2.34 9.93 15| 7.35 1 -0.88
71 10.93 | 25.42 5 1.56 7.35 15 9.08 | -1.07 16 | 1.16 | 2.09
8| -12.48 | -13.01 6 4.05| -6.83 16 { 10.92 { -13.07 17| 3.45( 0.82
9 1.20 0.42 71 -233| -241 17| 8.39 | 1130 18 | -5.07 | 5.68
101 0| -1.67 8| -251|-11.03 |18} 0| 4.99 19| 2.59 | -2.81
11 -2.02 2.34 9! -542| -6.96 1] -0.09 4.19 20 | -4.38 | -1.51
2 5.10 | -5.22 10| -3.17 7.50 21 -5.35 1.65
A2 up to degree and order 20, which corresponds to the request by e-mail from jeannot@sismo.u-strasbg.fr or
average lateral resolution achieved in this study. Coefficients john@earth.ox.ac.uk.

up to degree and order 40 for all models are available on



