Reprinted from

PHYSICS
OF THE EARTH
ANDPLANETARY
INTERIORS

Physics of the Earth and Planetary Interiors 86 {(1994) 117-146

Can the differential sensitivity of body wave, mantle wave,
and normal mode data resolve the trade-off between
transition zone structure and boundary topography?

Eugene M. Lavely *, Arthur Rodgers, Michael H. Ritzwoller

Department of Physics and Cooperative Institute for Research in the Environmental Sciences, University of Colorado, Campus Box 583,
Boulder, CO 80309-0583, USA

Received 17 November; accepted 18 March 1994




PHYSICS OF THE EARTH AND PLANETARY INTERIORS

Editors

D. Gubbins D.E. Loper- 1-P. Poirier

Department of Earth Sciences Florida State University Institut de Physique du Globe

Umiversity of Leeds Geophysical Fluid Dynamics Institute 4, Place Jussien

Leeds LS2 9IT 18 Keen Building F-75252 Paris, Cedex 05

United Kingdom Tallahassee, FL 32306 France

Tel. (532) 335 255 UsA Tel. +33.1.44.27.38.10

Fax (532} 335 259 Tel. (904) 644 6467 Fax +33.1.44.27.24.87
Fax (904) 644 8972

Founding Editors

K.E. Bullen (1)

F. Press

S.K. Runcorn

Advisory Editors

R.D. Adams, Newbury, UK T. Lay, Santa Cruz, CA, USA

T. Ahrens, Pasadena, CA, USA S. Mackwell, University Park, PA, USA

G.E. Backus, La Jolla, CA, USA B.D. Marsh, Baltimore, MD, USA

R. Boehler, Mainz, Germany H. Mizutani, Kanagawa, Japan

M.S.T. Bukowinski, Berkeley, CA, USA 1.-P. Montagner, Paris, France

B. Chouet, Menlo Park, CA, USA H.C. Nataf, Pasis, France

V. Courtillot, Paris, France J. Neaberg, Leeds, UK

E.R. Engdahl, Denver, CO, USA R.K. O"Nions, Cambridge, UK

D.G. Fraser, Oxford, UK W. O'Reilly, Newcastie upon Tyne, UK

J. Hinderer, Strasbourg, France G.D. Price, London, UK

A.W. Hofmann, Mainz, Germany V. Rama Murthy, Minneapolis, MN, USA

E.S. Husebye, Bergen, Norway P. Rochette, Marseille, France

T. Irifune, Matsuyama, Japan T. Shankland, Los Alamos, NM, USA

J.A. Jacobs, Aberystwyth, UK F.D. Stacey, St. Lucia, Qld., Austratia

Q. Jaoul, Orsay, France D.L. Turcotte, Ithaca, NY, USA

D. Jault, Paris, France 5. Uyeda, Tokyo, Japan

C.P. Jaupast, Paris, France K. Whaler, Leeds, UK -

H. Kanamori, Pasadena, CA, USA B. Wood, Bristol, UK

B.L.N. Kennett, Canberra, A C.T., Australia

Honorary Editors

H. Alfvén, Stockholm, Sweden

C.I. Alldgre, Paris, France

V.V, Belussov {Academician), Moscow, Russia
P. Melchior, Brussels, Belgium

H. Ramberg, Uppsala, Sweden

}. Tuzo Wilson, Toronto, Ont., Canada

Scope of the Journal

Physics of the Earth and Planetary Interiors will be devoted to the application of chemistry and physics to studies of the Earth's crust, mantle and core and to the
interiors of the planets. It is hoped that it will attract papers of high originality and, with an international coverage, contribute to the sound development of this
well-established field of the Earth and Space Sciences. Types of contributions to be published are: (1) research papers; (2) reviews; (3} short communications,
preferably in the Letter Section (see Note to Contributors on the back inside cover); (4) discussions; (5) book reviews; and (6} announcements.

Publication Information .
Physics of the Earth and Planetary Interiors (ISSN 0031-9201). For 1994 volumes 8 [-B6 are scheduled for publication.

Subscription prices are available upon request from the Publisher. Subscriptions are acceplted on a prepaid basis only and are entered on a calendar year basis.
Issues are sent by surface mail except to the following countries where air delivery via SAL mail is ensured: Argentina, Australia, Brazik, Canadz, Hong Kong,
India, Istael, Japan, Malaysia, Mexico, New Zealand, Pakistan, P.R. China, Singapore, South Africa, South Korea, Taiwan, Thailand, USA. For all other
countries airmail rates are available upon request.

Claims for missing issues must be made within six months of our publication {mailing) date.

Please address all your requests regarding orders and subscription queries to: Elsevier Science B.V., Jounal Department, P.O. Box 211, 1000 AE Amsterdam,
Netherlands, tel, 31-20-5803642, fax 31-20-5803598.

For further information, or a free sample copy of this or any other Elsevier Science journal, readers in the USA and Canada car contact the foliowing address:
Elsevier Science Inc., Journal Information Center, 655 Avenue of the Americas, New York, NY 10010, USA, tel. {212) 633-3750, fax (212) 633-3764.

All back volumes, except Vols. 5 and 14 are available. Price per volume: Dfl. 321.00 (approx. US$183.40}, inclusive of postage, packing and handling. Orders
and information requests should be addressed to Elsevier Science B.V., Special Services Department, P.O. Box 211, 1000 AE Amsterdam, Netherlands. All back
volumes are available on micrafilm. Orders and information requests concerning back volumes on microfilm should be addressed exclusively to: Elsevier
Science 5.A., P.O. Box 851, 1001 Lausanne, Switzerland.

US mailing notice — Physics of the Earth and Planetary Interiors (ISSN 0031-9201) is published monthly by Elsevier Science B.V., (Molenwerf |, Postbus 211,
1000 AE Amsterdam). Annual subscription price in the USA US$1317.00 (valid in North, Central and South America only), including air speed delivery.
Second class postage rate paid at Jamaica, NY 11431,

USA POSTMASTERS: Send address changes to Physics of the Earth and Planetary Interiors Publications Expediting, Inc., 200 Meacham Avenue, Elmont,
NY 11003.

Airfreight and mailing in the USA by Publications Expediting.



PHYSICS
OF THEEARTH
ANDPLANETARY
INTERIORS

a§

EISEVIER Physics of the Earth and Planetary Interiors 86 (1994) 117-146

Can the differential sensitivity of body wave, mantle wave,
and normal mode data resolve the trade-off between
transition zone structure and boundary topography?

Eugene M. Lavely *, Arthur Rodgers, Michael H. Ritzwoller

Department of Physics and Cooperative Institute for Research in the Environmental Sciences, University of Colorado, Campus Box 583,
Boulder, CO 80309-0583, USA

Received 17 November; accepted 18 March 1994

Abstract

Large-scale seismic models of the three-dimensional (3D) variations in elastic properties will be biased by
topography on mantle boundaries to the extent that volumetric and topographic structures produce similar effects in
the data. To date, seismic inversions for global-scale 3D elastic models of the mantle have largely ignored the effect
that topography on the major mantle discontinuities would have on estimating these models. In this paper we
address three questions: (1) to what extent does unmodeled structure on the 410 and 660 km boundaries bias
volumetric structure in inversions based on normal mode-mantle wave structure coefficients, absolute S-wave travel
times, and differential SS-§ travel times? (2) Can the differences in the sensitivity of S waves, SS—S phase pairs, and
normal mode-mantle wave data be exploited to estimate transition zone volumetric models that are relatively
unbiased by topographic structure? (3) Have current volumetric models resolved the trade-off that exists between
volumetric and topographic structures?

To address question (1), synthetic experiments were performed which show that volumetric models inferred from
normal mode-mantle wave data can be biased by an average value of 20-25% in r.m.s. amplitude in the transition
zone relative to current aspherical Earth models, depending on the model parametrization employed, The average
transition zone volumetric bias of models inverted from absolute travel times from both transition zone and
lower-mantle bottoming S rays that are imprinted with the same topographic signatures is reduced by at least by a
factor of five relative to models inverted from normal mode—mantle wave data alone. A reduction in bias by a factor
of about four is obtained using S5-5 phase pairs in which the SS legs bottom in both the transition zone and lower
mantle. The use of lower-mantle bottoming § rays or $5-S phase pairs with the SS legs bottoming in the Jower
imantle reduces the bias only by an average factor of about two to three relative to the normal mode—mantle wave
inversion. These estimates of bias reduction can vary with the type of damping or smoothness constraints that are
applied in the inversion. With respect to question (2), these results suggest that, in principle, absolute S-wave travel
time data can be used to desensitize volumétric inversions to the bias caused by topography on the transition zone
boundaries. In practice, however, near-source structure that contaminates S-wave travel times would diminish this
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capability, The use of 85-8 differcntial times for S§ waves which bottom in the transition zone and mantle waves
sensitive to transition zone structure but insensitive to the 660 km boundary, should be the most effective means of
overcoming the trade-off. To address question (3), we adopt the criterion that the combination of an unbiased
volumetric mode! with an accurate topographic model should provide a better fit to mormal mode structure
coefficients than the volumetric model alone. The boundary model Topo660a when added to the volumetric model
S512_WMI13 fits the normal mode structure coefficients significantly better than the volumetric model alone.
However, more recent models of 410 and 660 km boundary topography degrade the fit of the volumetric models
$12 WM13 and SH.10c.17 to the normal mode structure coefficients, suggesting that there is not vet a conclusive

answer to this question.

1. Introduction

A well-specified global seismic model would
comprise, in addition to long-wavelength aspheri-
cal variations in the isotropic seismic velocities
and density, regional wavelength variations in
these isotropic parameters, topography on struc-
tural boundaries, and some representation of as-
pherical variations in anelasticity and anisotropy.
Current three-dimensional (3D) giobal seismic
models are not yet so complete and, therefore,
inversions for seismic models are always under-
specified. The problem is that underspecified es-
timators are invariably biased. In this paper, we
continue the investigations started by Ritzwoller
and Lavely (1994a) (hereafter R&L) and Rodgers
and Wahr (1994) (hereafter R& W) which at-
tempted {0 estimate the bias in isotropic elastic
global models caused by ignoring topography on
discontinuities in the interior of the mantle.

Current global 3D seismic models {e.g. Dzie-
wonski, 1984; Woodhouse and Dziewonski, 1984;
Tanimoto, 1990; Inoue et al., 1990; Masters et al.,
1992: Su et al., 1994) have been inferred inde-
pendently from estimates of topography on man-
tle discontinuities (e.g. Revenaugh and Jordan,
1989, 1991a,b; Shearer, 1990, 1991a,b, 1993; Neele
and Snieder, 1992; Shearer and Masters, 1992;
Vidale and Benz, 1992; Benz and Vidale, 1993;
Wicks and Richards, 1993). There are studies
that have experimented with the simultaneous
estimation of volumetric and boundary models
(e.g. Ritzwoller et al., 1988; Smith and Masters,

1989a; Woodward and Masters, 1991a; Li et al.,

1991), but these researchers have downplayed the
inferred boundary models either as a result of the
formal trade-off between volumetric and. bound-

ary structures for the normal mode data or be-
cause only a marginal variance reduction was
achieved for the body wave data when topogra-
phy on mantle boundaries was included. In the
studies of R&L and R&W, topographic models
on internal mantle discontinuities were used to
construct synthetic surface and mantle wave
structure coefficients (R& L) and S-wave travel
time residuals (R & W). These synthetic data were
then inverted for aspherical volumetric structure
(8u,) in the mantle to estimate the bias of volu-
metric structures caused by mantle topography.
The two synthetic experiments displayed qualita-
tively similar results: topographic structure biases
volumetric structure dominantly in the vicinity of
the boundaries and the geographical distribution
of the biased structure is strongly correlated with
the geographical distribution of the input topo-
graphic models. The synthetic experiments of
R&I and R&W, however, differed appreciably
quantitatively, as the rm.s. amplitude of the bi-
ased volumetric model is a strong function of the
types of data employed. The amplitude of the
bias is a somewhat weaker function of model
parametrization and the method of inversion.
Using the 660 km boundary model of Shearer
and Masters (1992}, ad hoc but realistic models of
topography on the 220 and 410 km boundaries,
synthetic long-period mantle and surface wave
data, and a simple six-shell mantle parametriza-
tion, R&L found that inferred transition zone
,and uppermost lower-mantle structure may con-
tain a 25-30% bias relative to the magnitude of
aspherical volumetric structure owing to topo-
graphic aliasing. For a geodynamically derived
660 km topographic model, using S waves pierc-
ing the 660 km discontinuity and a radial model
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parametrized with Chebyshev polynomials with a
higher resolution than the six-shell basis of R& L,
R & W concluded that the level of biasing would
be smaller than that estimated using surface and
mantle wave data. The amplitude of this bias is a
strong function of the radial resolution of the
inferred volumetric model.

It is difficult to compare the results of these
two studies quantitatively, as different volumetric
model parametrizations were used and different
input topographic models were employed. How-
ever, if we attempt to correct for these differ-
ences between the studies of R&L and R&W,
topographic aliasing into volumetric structure in
the transition zone from S-wave absolute travel
time data with the S legs bottoming in and below
the transition zone appears to be about 20% or
fess of the surface-mantle wave bias, or only
about 5% in r.m.s. of the magnitude of aspherical
volumetric structure in this region.

It is clear that topography on the transition
zone discontinuities will be biased into large-scale
volumetric models, but the magnitude and sign of
the bias will be a function of the relative weight-
ing of the surface-—mantle wave data and the
body wave data used in each inversion, and will
also be dependent on model parametrization and
the technique of inversion. The current paper
aims to characterize more clearly and to quantify
the respective volumetric biasing produced by
transition zone boundary topography when nor-
mal mode—-mantle wave and body wave data are
employed, and addresses whether a method to
exploit the characteristics of these diverse data
could be designed to infer volumetric transition
zone structure accurately given the likely topogra-
phy on the boundaries of the region.

We attempt to answer three questions: (1) if
normal mode—mantle wave, S-wave absolute
travel time, and SS-S differential travel time
synthetic experiments are performed such that
input topographic models are identical and the
biased volumetric models are parametrized iden-
tically, what is the relative level of r.m.s. bias for
the three different data types? (2) Can these
differences be exploited to estimate relatively un-
biased volumetric models, while retaining the in-
formation from both the normal mode—mantle

wave and body wave data sets? (3) What is the
relationship between Shearer’s models of transi-
tion zone boundary topography and the volumet-
ric models in that region? Have current global
models of volumetric structure in the transition
zone already resolved the trade-off?

There are a number of problems of geophysi-
cal significance that demand the resolution of the
trade-off between boundary topography and volu-
metric structure. For example, the question of
whether mantle flow is stratified by changes in
the bulk chemistry or phase across the 660 km
boundary hinges on the accurate determination
of volumetric structure across the boundary and
of boundary topography itself; e.g. the use of
radial correlation functions of seismic volumetric
structure as described by Jordan et al. (1993) to
discriminate between competing models of con-
vection. Another example is the need for volu-
metric models that have resolved the trade-off so
that seismic estimation of boundary models that
rely on ray tracing corrections, as used by Shearer
{1993), would be minimally biased. Finally, accu-
rate knowledge of the 410 and 660 km boundaries
as well as the volumetric structure in their vicinity
is crucial for seismic determination of the fate of
slabs, Clapeyron slopes, viscosity contrasts, and
convective flow patterns.

In Section 2, we discuss the nature of the
synthetic experiments carried out in this paper.
Section 3 presents the results from the synthetic
experiments. Section 4 is a discussion of the fit of
combined volumetric—topographic models to nor-
mal mode data. Section 5 is a discussion of the
implications of these experiments.

2. Input models and synthetic data construction
2.1. Volumetric and topographic models

There are, in general, two types of elastic,
isotropic aspherical structures in the interior of
the Earth. The first is lateral heterogeneity in the
elastic moduli (8x, du) and density (5p) {or
equivalently the seismic velocities (& v, 8 v,) and
density). These asphericities are referred to
generically as volumetric structures. The second
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type of aspherical structure is topography on
first-order boundaries in the interior of the Earth
(h, on boundary d), where a first-order boundary
is the location of a discrete jump of the seismic
parameters across a given radius.

There now exist several global-scale 3D elastic
models of the mantle, including the upper-mantle
dv, models M84A and M84C (Woodhouse and
Dziewonski, 1984), the lower-mantle va model
L0O2.56 (Dziewonski, 1984), and the whole-man-
tle &v, models MDLSH (Tanimoto, 1990),
SH.10c.17 (Masters et al., 1992), SH8WMI13
(Woodward et al., 1993), and S12_WM13 (Su et
al., 1994). All of these models use the spherical
model PREM (Preliminary Reference Earth
Model; Dziewonski and Anderson, 1981) as a
reference to which aspherical perturbations are
added. A variety of seismic body wave, mantle
wave, and normal mode data have been used in
the construction of these models. (Mantle waves
are very long period (more than 100 s} Rayleigh
and Love waves.) These models have traditionally
been constructed relative to an a priori reference
crustal model, albeit different crustal models, but
no correction has been applied to any of the
models for the effects of topography on bound-
aries outside of the crust. A recent review of and
comparison among these 3D mantle models has
been presented by Ritzwoller and Lavely (1994b).
A number of other studies have contributed to
the developing understanding of the 3D seismic
volumetric structure of the Earth, including (to
mention but a few of the most recent studies)
Nishimura and Forsyth (1989), Smith and Mas-
ters (1989a), Montagner and Tanimoto {1990,
1991), Inoue et al. (1990), Roult et al (19%0),
Woodward and Masters (1991a,b), Zhang and
Tanimoto (1993) and Pulliam et al. (1993). A
review of some of these and other tomographic
studies has been presented by Romanowicz
(1991).

Models of topography on boundaries in the
interior of the mantle have been constructed in
two very different ways:

(1) the earliest global-scale models of topogra—'

phy on mantle discontinuities were derived from
the volumetric seismic models by geodynamical
computations. Tomographic images were con-

verted to density anomalies and, together with
excess density in the slabs, were entered as body
forces into the equations of motion for buoyantly
driven viscous flows, thus predicting boundary
topography and certain surface observables, such
as the geoid, plate motions, and surface topogra-
phy (e.g. Hager, 1984; Hager et al, 1985; Forte
and Peltier, 1989, 1991; Hager and Clayton, 1989,
Hager and Richards, 198%; Dchant and Wabhr,
1991; Forte et al., 1993). Reviews of some of
these studies have been presented by Olson et al.
(1990} and Dziewonski et al. (1993).

{2) Seismologists have also studied reflected
and transmitted waves that impinge on the core—
mantle boundary (CMB) (e.g. Creager and Jor-
dan, 1986; Gudmunsson et al., 1986; Morelli and
Dziewonski, 1987; Rodgers and Wahr, 1993) and
underside and topside reflections and phase-con-
versions off the transition zone and upper-mantle
discontinuities (e.g. Paulssen, 1988; Revenaugh
and Jordan, 1989, 1991a,b; Richards and Wicks,
1990; Shearer, 1991a,b, 1993; Neele and Snieder,
1992; Shearer and Masters, 1992; Vidale and
Benz, 1992; Benz and Vidale, 1993; Wicks and
Richards, 1993} in attempts to infer the nature of
and topography on mantle discontinuitics. The
only global scismically inferred models of topog-
raphy on the transition zone boundaries at 410
and 660 km depth are those of Shearer and
Masters (1992) and Shearer (1993). These models
will be discussed further in Section 2.2. Like the
geodynamically derived topographic models, a
number of the seismological models of boundary
topography have been constructed relative to in-
put 3D volumetric models which have been used
to ‘correct’ the data for volumetric effects prior
ta inversion for boundary topography (e.g.
Shearer, 1993).

Volumetric and topographic structures have
been represented in a number of ways. Radial
variations in volumetric structures have been rep-
resented either in terms of continuous basis func-
tions (Legendre or Chebyshev functions) or dis-
crete, piecewise constant spherical shells. Lateral
volumetric and topographic variations have been
usually represented with spherical harmonics.
Here, we reparametrize all models in terms of
fully normalized complex spherical harmonics:
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dm(r,0,¢) = 20m(r)Y'(0, ) (1)
ha(0, 8) = Lh4Y (0, 6) | @)

where ém(r, 6, ¢) represents a volumetric per-
turbation relative to an elliptical reference state
(e.g. 8v,, dv,, 8k, 8u, 8p) and h, represents
topography on the dth boundary, again in excess
of ellipticity. The spherical harmonic indices are
referred to as the degree s and order ¢ of aspher-
ical structure.

2.2, Global models of transition zone topography

Currently, there exist two published studies
that resulted in global models of topography on
the 660 km discontinuity (Shearer and Masters,
1992; Shearer, 1993) and one study that produced
models of topography on the 410 km discontinu-
ity (Shearer, 1993). Both of these studies used
stacking methods to enhance underside reflected
precursors to S8 called S§d8S, to model transition
zone boundary topography with the differential
S5-8dS travel times. These studies differed in
the methods employed to ‘correct’ the data for
the effects of volumetric structure and surface
topography. Shearer and Masters (1992) used ob-
served SS-S differential travel times to desensi-
tize the observed SS measurements to upper-
mantle structure, whereas Shearer (1993) utilized
the seismic volumetric models SH.10c.17 and
SH8WM13, surface topography estimates, and an
ad hoc crustal model to correct the SS travel
times explicitly. The former study vielded the
model Topo66la, whereas the later study pro-
duced the models Topo410b and Topo4l0c as
well as Topo660b and Topo66lc. The suffices ‘b’
and ‘¢’ in the mode! names refer to the volumet-
ric models used to correct the S5-SdS observa-
tions; ‘b’ refers to SH.i0c.17 and ‘c’ refers to
SHE8WM13. Figs. 1(a) and 1(b) display these
boundary models. The geographical correlations
between the models are listed in Table 1 as a
function of degree s. The correlation value that
corresponds to the 95% confidence level is shown
in the right-most column of the table.

2.3. Synthetic normal mode and mantle-wave data

The effect of both volumetric structure and
boundary topography on the Earth’s normal
modes is contained in the components H[7™ of
the splitting matrix H,, (Woodhouse and
Dahlen, 1978; Woodhouse, 1980). Here k ={(»n, )
is the multiplet identifier. Ignoring contributions
from the Earth’s rotation, ellipticity of figure, and
the interaction between multiplets (k = &’), the
splifting matrix can be written

5
Hgm=3 2 ¥'™ e (3)
5§ t=-—3
where 'y;"”" depends on Wigner 3-j symbols and ¢
is constrained to the value m' — m by the selec-
tion rules that govern y™™. The normal mode
structure {or interaction) coefficients are denoted
by ¢! and are simply related to aspherical volu-
metric and boundary structures:

a
wi= [ K()omi(r) drt LuDyki (4)
d

TR (5)
where & is the structure coefficient computed
from volumetric structure alone and ,¢&; is the
structure coefficient computed from boundary
structure alone. Here, K (r} is the volumetric
kemel and D, is the boundary kernei for
boundary d, both given by Woodhouse and
Dahlen (1978), and 8m'(r) and A%, represent the
spherical harmonic coefficients for the volumetric
structure (e.g. 8v,, 61, 8p) and boundary topog-
raphy, respectively, given by Eq. (1). The fully
normalized complex spherical harmonics Y,'(8, ¢)
are normalized according to the convention of
Edmonds (1960). Eq. (4) is valid only for even-de-
gree s structure coefficients. Odd-degree struc-
ture coefficients are defined in a similar way, but
they are more complicated as their volumetric
and boundary kernels depend on the radial
eigenfunctions of two multiplets. A full discussion
of this has been given by Woodhouse (1980). The
structure coefficients for each multiplet form the
splitting matrix and, therefore, determine the fre-
quencies and shapes of the seismic oscillations.
Their use as expansion coefficients in a spherical
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velocity map (e.g. Grardini et al., 198EL The wse
of fully normaelized spherical harmonics implies
that as esch scalar representation considered i
real, the structiure eoefficicnts satisfy the relation-
ship ¢, "= (- 1)/'e!®, where * denotes the complex
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peal and imaginary components of c are de-
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410 and 660-km boundary kernels for fundamental modes
L e e L B I B B R R B

boundary kernel amplitude

10 20 30 40 50 0 70
harmonic degree

Fig. 2. Normalized sensitivity of fundamental normal modes—
mantle waves to topography on the 410 km boundary (dotted
line} and 660 km boundary (solid line); ie. the boundary
kernels, , D, from Eq. (4). Peak sensitivities to the 410 and
660 km boundaries are in the ranges 30 <! <50 and 20 </ <
35, respectively.

in the transition zone are insensitive to 660 km
topography in the ray-theoretic approximation.
The paths of both sets of rays are shown in Fig.
3(a). Rays with ray parameters associated with
S-wave triplications are not included in these
data sets to avoid complications in interpreting
these arrivals.

(3) The third body-wave data set comprises
differential trave! times computed for $§-S phase

Table 1

pairs, and the ray parameters are chosen such
that the SS legs bottom in the lower mantle only.
The ray paths of the S5-5 phase pairs that corre-
spond to the minimum and maximum ranges of
the S waves of this data set are shown in Fig.
3(b).

(4) The fourth body-wave data set consists of
S$S-S phase pairs with SS legs bottoming in both
the transition zone and the lower mantle.

The synthetic data sets are constructed to have
uniform geographical sampling of the transition
zone boundaries. This results in the sources and
receivers being uniformly distributed around the
globe, and eliminates possible biases associated
with non-uniform sampling. Consequently, the
ability of realistic data distributions to image the
transition zone and the surrounding boundaries
should be degraded relative to the results pre-
sented here,

The relationship between topographic struc-
ture and travel times has been derived by Dzie-
wonski and Gilbert (1976) and R&W. The travel
time perturbation, 8¢, for a ray passing through a
perturbed boundary d, with topography A (8,¢)
is given by

cos i,

cos i
St=—h,(8, ¢)( - ] (6)

v, U
where ¢ 18 the incident angle, v is the ray velocity
and the plus and minus signs correspond respec-
tively to the values directly above and below the
boundary. These formulae are used to compute

Geographical correlation between the topographic models Topo410b, Topo410c, Topo660a, Topo6s0b, and Topo66lc

s 410b vs. 660k 410cvs. 660c  410bvs. 410¢c  660b vs, 660c  660avs. 660b  660a vs. 660c  95% confidence
1 0.425 0.838 0.939 0.668 0.423 0.258 0.95

2 0.874 0.759 0.845 0.888 0.590 0.727 0.81

3 —0.202 —0.61 0.833 0771 -0.382 —0.626 0.71

4 0.768 0.114 0.750 0.893 0364 0.502 0.63

5 0.848 0.408 0.844 0.875 0.881 0.622 0.38

6 ~0.356 —0.404 0.846 0.853 0.298 0.364 0.53

7 0.575 0.495 0.890 0.856 0.457 0.635 0.50

8 0.037 0.151 0.857 0.744 0.502 0.785 0.48

1-8 0.422 0.298 0.880 0.826 0.414 0,403 na. ?

* not applicable.
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the travel time effects of Shearer’s topographic
models Topo410b and Topo660b on each ray.

The transition zone bottoming subset of S
waves is composed of 9898 rays with epicentral
distances ranging from 17 to 30°. The lower-man-
tle bottoming subset totals 9479 rays with epicen-
tral distances ranging from 19 to 100°. The first
§5-8 data set consists of 9505 phase pairs with
SS legs bottoming in the lower mantle only with
epicentral distances ranging from 40 to 100°. In
this range, SS and S rays penetrate both the 410
and 660 km discontinuities. The second S$8-S
data set includes the first S5-8 data set and an
additional 9741 phase pairs in which the SS legs
bottom in the transition zone. The epicentral
distances of these additional phase pairs range
from 35 to 61°.

The travel time perturbation produced by each
boundary depends on the angle of incidence of
the ray at the boundary. Fig. 4(a) shows the travel
time perturbations of vertically incident S waves
computed for the input topographic models
Topo410b (top panel) and Topo660b (bottom
panel). As vertically incident rays are affected
least by topography, this figure represents the
minimum effect of topographic structure on ray
travel times. Travel time perturbations for non-
vertically incident rays can be inferred from Figs.
4(a) and 4(b) in the following way. Fig. 4(b)
displays the travel time perturbation related to 18
km of topography on the 410 and 660 km discon-
tinuities as a function of both incidence angle
(top panel) and ray parameter {bottom panel) for
the rays used in this study. The value of 18 km
was chosen as the maximum amplitude perturba-
tion of Topo660b is about 18 km. The plotted
points are multiplicative factors to be applied to
the travel time perturbations for the vertically
incident rays shown in Fig. 4(a). The notation
SLM and STZ denotes, respectively, lower-man-
tle and transition zone bottoming S rays. The
maximum observable travel time perturbation for
the lower-mantle bottoming rays is about 0.95 s
for the 660 km discontinuity and about 0.20 s for
the 410 km discontinuity. The maximum observ-
able travel time perturbation for the tramsition
zone bottoming data (which are sensitive only to
410 km topography) is .79 s,

3. Inversions for biased volumetric structure

The basic method employed in the inversions
of synthetic data is described in this section.
Noise-free, ideally distributed synthetic data are
computed from input topographic models and are
then inverted for volumetric structure which is
then interpreted as the bias caused by topo-
graphic structure. The radial variation of volu-
metric structure 1s parametrized in two ways:
discretely with 12 spherical-shell radial basis
functions, and continuously with Chebyshev basis
functions expanded to Degree 7. The Chebyshev
representation was motivated by Su et al. {1994)
and the shell representation follows that of Mas-
ters et al. (1992). The shell representation is the
same discretization as used by Tanimoto (1990),
but with the addition of a layer near the surface.
All lateral wvariations are parametrized with
spherical harmonics as in Egs. (1) and (2).

For the mantle-wave and free oscillations data,
noise-free normal mode structure coefficients are
computed and are then inverted. The assumption
that they are noise-free is equivalent to the as-
sumption that they are estimated with an ideally
distributed set of sources and receivers. The S-
wave travel time residuals are computed for a set
of sources and receivers distributed nearly evenly
over the globe and are partitioned into two sub-
sets depending on whether the rays bottom in the
lower mantle alone, or bottom in both the transi-
tion zone and the lower mantle. The S-wave
travel time residuals from each ray set are in-
verted independently for volumetric structure. Fi-
nally, synthetic SS-§ differential travel times are
inverted for the case in which the SS legs bottom
in the lower mantle only, and the case in which
the SS legs bottom in and below the transition
Zone.

The means of matrix damping and regulariza-
tion wiil affect the r.m.s. amplitude and sign of
the estimated volumetric models, and therefore,
care must be taken so that the bias estimates
from the various data sets can be meaningfully
compared. The means of damping that we em-
ploy differs as a function of data set and model
parametrization. For example, the Chebyshev
based inversions are damped by applying norm
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Sowaves bottoming in the Lower Mantle

Fig, 1 (n) Body wave sumpling plots for S-waves botonsing in the ransiion zone (oph and in the s mantle fhottem (b Body
wive samsphing plins shomang examples of §5-5% phase pairs used in the $5-5 inversion expeniment in whach the 55 logs Bottom 5
the lower manile only, The epieentral dsiances of the 3 naves ranged Trom #1a HREP,

constraints on the Chebyshey expansion coeffi- natural smoothing - relative @ the Degree 13
ciemis for which we invers, Also, truncation of the Chebyshev expansion used by Su et al, (1994),
Chehyshey expansions at Degree 7 provides a The shell-based inversions are regularized by
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{b) 55-5 Ray Paths

- J}( ‘A\

N

N

R A = 1000

Fig. 3 (continued).

minimizing a roughness or second derivative norm
across layers. The weights assigned to the damp-
ing or smoothing parameters are chosen so as to
reduce data misfit by only a few per cent, but
which reduce radia! oscillations (a single sign
change in the upper mantle is aliowed) in the
inverted model and large model norms.

3.1. Synthetic normal mode and mantle wave data

The inversion experiments reported in this sec-
tion were performed with surface wave and man-
tle wave equivalent multiplets along the funda-
mental mode branch as well as low-degree multi-
plets along the lower overtone branches. In par-
ticular, the multiplets chosen correspond to the
low-degree fundamental and overtone multiplets
from the first, second, and fifth branches ob-
served by Ritzwoller et al. (1988) (ignoring the
ten anomalously split multiplets which are

strongly sensitive to core structure) and those for
the mantle—surface wave multiplets ;S;z—4S;, ob-
served by Smith and Masters (1989a).

Inversion experiments for three separate syn-
thetic data sets were performed. In the first two
experiments synthetic structure coefficients, ¢!
(Egs. (4) and (5)), were computed using, respec-
tively, the topographic models Topo410b and
Topo660b independently, and were inverted for
biased volumetric structure. In the third experi-
ment the synthetic data were computed using the
combined model Topod10b + Topo660b. It fol-
lows from Eaq. (4) that inversion for each degree
and order of volumetric structure decouples from
all other degrees and orders of structure. The
normal mode structure coefficients computed are
just the self-coupling coefficients, which are only
sensitive to the even degrees of structure. Conse-
quently, all bias estimates will be for even de-
grees alone. The inclusion of odd-degree struc-
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tire cocfficicnts would require 1he adoption of
mitltiplet—-multiplet coupling {e.g. Park, 1987), but
wirtld nod change the conclusions here.
[nversions of the symthetic data scis using the
Chebyshev and shell-hased model parametriza-
tions wicld wolumetrie models that @0 the syn-
thetic structure coefficients nearly perfectly. The
nearky 1005 vanance reductions obtainable in
the undamped inversions reflect the nearly exact
trade-0fT between volumetrie and  topographic
structures, which follows as the data are free of

noise and the valumerrse models are over-piaram-
etrized, However, the volumetric models than fif
the data optimally are oscillatory with radies. The
introduction of smoothness constramis leads o
considerably smoother models with minimal sac-
rifice in date misfit and the biased volumetric
models presented for the normal mode-manile
wive data incorporate  smoothing.  Smoothness
constraints were apphcd o the models para-
metrized in terms of Chebyshey polynomials by
weighting down contributions from polynamiils
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Fig. 4 (continued).

greater than Degree 7, and to the shell-based
models by introducing a Lagrange multipler which
is multipled by the second derivative of the veloc-
ity perturbation across layers. The weights as-
signed to the smoothness constraints were chosen
such that the inversions vielded about 98% vari-
ance reductions to the predicted structure coeffi-

cients. The addition of these constraints reduced
the condition number of the regression matrices
by several orders of magnitude to acceptable val-
ues (about ten). The resulting volumetric bias
models typically vary smoothly across most of the
upper mantle and through the top regions of the
lower mantle, but tend to oscillate in regions of
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small r.m.s. bias near the top and bottom of the
mantle.

Fig. 5(a) displays the r.m.s. of the estimated
volumetric bias {per cent shear velocity perturba-
tion relative to the even-degree components of
the volumetric model $12_WM13) caused by the
topographic model Topo410b as a function of
depth for even degrees of structure 2 < 5 < 8. The
bottom right-hand panel displays the contribution
to the r.m.s. summed over all degrees of struc-
ture. The lower degrees of structure dominate
the value of this statistic. The biased volumetric
model for the shell (solid line) and Chebyshev
(dotted line) parametrizations display broad peaks
in the transition zone near the 410 km boundary
with average perturbations ranging from about
5% to about 7% relative to $12_WMI13. The
discrete shell model tends to display broader,
lower amplitude (6% maximum) features than the
continuous Chebyshev model (9% maximum).The
largest amplitude of the continuous model occurs
in a narrow radial region near the base of the
mantle, whereas the rm.s. amplitude of the
shell-based model is nearly minimized in this
region. This tendency of the continuously para-
metrized mode! to maximize near the boundaries
of the mantle is also seen in the body wave
inversion described in Section 3.2, and indicates
that inversions with this parametrization should
penalize the model norm of the resulting models
in these regions. The Chebyshev and shell models
fit the synthetic data equally well.

The r.m.s. volumetric bias caused by Topo660b
relative to §12_WM13 is shown in Fig. 5(b). The
dominant contribution to the total bias is from
Degree 2. The volumetric bias is peaked near the
660 km boundary and the average value of the
bias in the transition zome is about 15% to about
20% relative to $12_WM13, but peaks at some-

what greater values in the top of the lower man-
tle. The r.m.s. of the volumetric bias caused by
the combined models Topod41Gb and Topo66(0b
(Fig. 5(c)) is very similar to the bias caused by
Topo660b alone, but is spread over a broader
region surrounding the transition zone and ex-
tends to shallower depths. As Table 1 shows,
Topo410b and Topo660b are positively correlated
at most degrees and, therefore, their effects con-
structively interfere. The volumetric bias model
inverted from the synthetic data derived from
Topo410b and Topo660b is strongly correlated
geographically with these models in the vicinity of
the respective boundaries.

3.2. Synthetic body wave data

Analogous to the normal mode-mantle wave
inversion experiments described in Section 3.1,
body wave travel time data were inverted to de-
termine the extent to which unmodeled topo-
graphic structure on transition zone boundaries
can bias volumetric mantle structure. Four inver-
sion experiments were performed, distinguished
by the data used in the inversion:

(1) In the first experiment, travel times for
rays that bottom in the lower mantle containing
topographic imprints from the boundary models
Topod10b and Topo660b were inverted for volu-
metric structure.

(2) In the second experiment, rays that bottom
both in the transition zone (these rays are sensi-
tive only to the topographic model on the 410 km
boundary) and in the lower mantle were inverted.

(3) The third experiment utilized SS-§ differ-
ential travel times at ranges at which both of the
phases bottomed in the lower mantle, so that the
travel times were sensitive to topographic struc-
ture on both the 410 and 660 km discontinuities.

Fig. 5. (a) The r.ms. of the volumetric bias caused by the topographic model Topo410b, estimated from the inversion of the normal
mode-mantle wave data presented as a function of harmonic degree of structure. The volumetric bias has been divided by the
r.m.s, of the even-degree components of the reference asphetical volumetric model $12_WM13 at each depth, and the units are in
per cent perturbation relative to $12_WM13. The r.m.s. of the volumetric bias model summed over all even degrees is shown at the
bottom right. The solid line is the biased volumetric mode! using the 12 spherical-shell radial basis functions and the dotted line is
the model using Chebyshev polynomials to Degree 7 as radial basis functions. (b) Same as (a), but for the topographic model
Topot60b. {c) Same as (a) and (b), but for the combined topographic madel Topo410b + Topo660b.
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(4) The fourth experiment used $S-8 phase
pairs chosen such that the SS legs bottomed in
both the transition zone and the lower mantle.
Unlike the normal mode structure coefficients
considered in Section 3.1, body wave travel times
are sensitive to both even- and odd-degree struc-
tures and inversion results from both types of
structures will be presented.

The synthetic body wave data sets used here
could not stably constrain structure above 220 km
depth and, therefore, the top radial level of the
shell and Chebyshev model parametrizations was
set to this depth. The inversions based on the
low-degree Chebyshev expansions yielded models
without undue oscillations, and therefore, the
Chebyshev-based inversions were not damped or
constrained to be smooth. To make the Cheby-
shev and shell-based inversions comparable, the
shell-based inversions were undamped as well.
Thus, the shell-based models typically contain
one major oscillation in the upper mantle, not
unlike the radial oscillation present in current
global models of the upper mantle for numerous
degrees and orders. The integrated amplitudes of
the Chebyshev and shell-based biased volumetric
models are similar.

The models of biased volumetric structure esti-
mated from the four body wave data sets gener-
ally provide variance reductions a few per cent
below the variance reductions obtained from the
inversion of the normal mode—mantle wave data
considered in Section 3.1. The variance reduc-
tions for the SS-S data sets are generally greater
than those for the absolute S-wave data sets.
Models inverted from normal mode—mantle wave
data or from 8S-S data are able to spread struc-
ture over a wide radial interval and still fit the
data, whereas the absolute S waves have greater
localized sensitivity to topography, and thus re-
quire parametrizations with similar resclution to
fit the data with greater accuracy.

3.2.1. Inversion with absolute S-wave travel times
Fig. 6(a) shows the r.m.s. amplitude (in per
cent) of the shear velocity perturbation relative to
all degrees of the volumetric mantle model
S12_WM13 in the depth range from 220 km to
the CMB. This biased volumetric model was in-

ferred from S rays that bottom in the lower
mantle and that were imprinted with travel time
perturbations from the models Topo410b and
Topo660b. The upper-mantie r.om.s. bias of the
Chebyshev-based volumetric model is about 10%
to about 20% of the rm.s. of S12_WMI13, and
decreases mongtonically with depth. The r.m.s.
bias of the shell-based inversion is apparently
larger, but taking into account the oscillation (or
change in sign) across the 410 km discontinuity,
the integrated bias of the two parametrizations is
similar. Nearly all of the biased volumetric struc-
ture, for both radial parametrizations, is in or
directly above the transition zone. This result can
be understood by referring to Fig. 3(a) {bottom),
which displays the paths of rays that bottom in
the lower mantle. Rays that cross the transition
zone boundaries close to one another (less than
2000 km apart) have similar travel time signals.
However, they may bottom in entirely different
regions of the lower mantle ranging from just
beneath the transition zone to just above the
CMB. Similarly, rays which cross the transition
zone boundaries at entirely different (lateral) lo-
cations may bottom at the same location in the
lower mantle. For the lower-mantle bottoming
rays, the best-fitting volumetric structure has most
of its r.m.s. amplitude in the upper mantle where
the rays are steep and experience nearly identical
travel time perturbations, Lower-mantle bottom-
ing rays are efficient at mapping structure into
the uppermost regions of the mantle volume, but
they are not able to separate the topographic
signals from the two boundaries. In regions where
there are crossing rays that are nearly horizontal,
there is little bias.

Quite different results are obtained when rays
that bottom in the transition zone are included.
Fig. 6(b) shows the r.m.s. of the shear velocity
perturbation relative to S12_WMI13 that results
from the combined inversion of lower-mantle and
transition zone bottoming rays. The average r.m.s.
bias ranges from 2% to 4% in the transition zone,
depending on the parametrization used. How-
ever, with this data set, the r.m.s. amplitude maxi-
mizes in the regions directly above and directly
below the transition zone, rather than in radial
intervals centered about the boundaries. The av-
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erage bias near the top of the lower mantle is
about 10%, and is about 5% in the high gradient
zone. In essence, the Topo410b signal is mapped
into the region above the transition zone and the
Topo660b signal is mapped into the region di-
rectly below the transition zone. The inclusion of
rays that bottom in the transition zone constrains
the structure in that region and also separates the
topographic signals from the 410 and 660 km
discontinuities. The use of transition zone bot-
toming S waves in the inversion reduces the aver-
age transition zone r.m.s. bias by a factor of about
three relative to the inversion of the first S ray
data set, and acts to redistribute the biased struc-
ture from the transition zone dominantly into the
lower mantle.

In general, two characteristics of body wave
travel time data sets are necessary for inferences
of volumetric structure to be reliable. First, rays
used in the inversion must possess uniform az-
imuthal sampling; i.e. they must c¢ross one an-
other. We avoid problems associated with insuffi-
cient azimuthal sampling by using rays with a
uniform geographical sampling. Second, inver-
sions for structure in a given radial interval must
include rays that bottom throughout the interval.
As the absolute S waves that bottom in the lower
mantle and transition zone are imprinted with
similar travel time perturbations from topography
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on the transition zone boundaries, but sample
entirely different regions away from the bound-
aries, models with significant structure in the
lower mantle cannot simultaneously fit upper-
mantle and lower-mantle bottoming rays. This is
why the r.m.s. amplitude of biased volumetric
structure in the mid- and lowermost mantle for
both inversion experiments is strongly dimin-
ished. Rays with epicentral distances less than 17°
were not included in the inversion experiments
and, thus, there were no rays that bottomed above
400 km depth. The large r.m.s. value of the bias
near the top and bottom of the mantle model
parametrized with Chebyshev polynomials -is a
feature shared with the normal mode-mantle
wave inversions.

3.2.2. Inversion with differential SS-S travel times

The result of the SS-S inversion experiment
for the data set in which the 8§ legs bottom in
the lower mantle only is displayed in Fig. 7(a).
The r.m.s. amplitude of the biased volumetric
structure is largest in the depth range from 220 to
660 km, and is diminished in the lower mantle,
much like the biased structure inverted from S
waves that bottom in the lower mantle alone, The
undamped solutions allow one oscillation across
the 410 km boundary. Taking this into account,
the average amplitude of the bias in the upper

degree 2 structure coefficients along the fundamental mode branch
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Fig. 8. Predicted and observed Degree 2 structure coefficients (Eq. (4)) for $12_WM13 (solid line), and SH.10¢.17 (dotted line).

The data were taken from Smith and Masters {1989a).
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Fig. 9. (a) Misfit improvement (or degradation) to the observed structure coefficients with the addition fo $12_WM13 of Topo660a
(solid line), Topo660c (dashed line}, and Topod10c + Tepotolc (dotted line) for modes along the fundamental branch in the range
20 < [ < 52, Panels 1-4 correspond, respectively, to even degrees of structure 2-8. Improved fits to the data are reflected by x*
ratios greater than unity {(above the long-dash line). The x? ratios approach unity as the boundary sensitivity decreases. Only those
ratios that fall within the range defined by the minimum and maximum values of the solid line are shown. (b) Misfit improvement
{or degradation) to the observed structure coefficients with the addition to SH.10c.17 of Topo660a (solid tine), Topot60b (dashed
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crosses the tramsition zone boundaries at four

fact that the r.m.s. amplitude is greatest in the points. The differential travel time signal in-

upper mantle can be understood as follows. SS

curred by § and SS rays that penetrate the
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boundaries at the two points near to the source
and receiver is very small because the topography
is nearly identical at these crossing points. The S5
rays that cross the 410 and 660 km boundaries
twice near the surface bounce point of 85 accu-
mulate a travel time signature of topographic
structure there which is not offset by a similar
signature in S. This dominates the differential
travel time signature. Consequently, these travel
time signals are mapped into the regions near the
410 and 660 km discontinuity crossing points in
the region approximately beneath the SS bounce
points. The r.m.s. amplitude in the lower mantle
is small relative to that in the upper mantle for
two reasons: (1) the SS rays are nearly insensitive
to structure in the lower mantle as they do not
bottom at depths greater than 1200 km; (2) S rays
bottoming in the lower mantle from different
azimuths contain topographic signals from en-
tirely different lateral locations; thus, these sig-
nals destructively interfere and produce a small
r.m.s. amplitude of bias. The average transition
zone r.m.s. amplitude of the bias inverted from
this SS-S data set is reduced by a factor of about
two relative to the r.m.s. bias of the normal
mode—mantle wave inversion in the transition
zZone.

Fig. 7(b) displays the result of the inversion of
the SS-8 data set containing SS legs that bottom
in and below the transition zone, and results are
displaved for the shell-based parametrization
only. The average r.m.s. bias across the upper
mantle is about 5% relative to 512_WM13. The
bias is comparable with that displayed in Fig. 6(a)
for the inversion experiment that used absolute S
rays that bottomed in and below the transition
zone.

3.3. Joint inversion of normal mode—mantle wave
and body wave data

If normal mode—mantle wave and body wave
data were inverted simultaneously, the resultant
volumetric bias would be a function of the
weighting of the individual data sets and the
correlation of the biased structures from the indi-
vidual data sets. As the correlations tend to be
high, the results would depend mostly on the data

weighting used. This introduces another free pa-
rameter into the inversion, and is the reason we
do not pursue joint inversions further here.

4. Combining volumetric and topographic models

In this section we examine the relationship
between the boundary models of Shearer and
Masters (1992} and Shearer (1993) with current
volumetric models. The question we seek to ad-
dress, and which will be discussed further in
Section 5.1, is the following: has the trade-off
between volumetric and topographic structure
been resolved by current volumetric models? The
approach adopted here is to determine if the
addition of the global topographic models to the
volumetric models improves the fit to observed
normal mode—mantle wave structure coefficients.
This approach is useful as long-period mantle
waves display significant sensitivity to boundary
undulations on the 410 and 660 km boundaries
(Fig. 2). In Section 4.1, we discuss the computa-
tion of the predicted structure coefficients. We
adopt x? statistics as the measure of misfit be-
tween model predictions and data, and present in
Section 4.2 functions of these statistics for various
combinations of topographic and volumetric
models to address the question posed above.

4.1. Observed and predicted structure coefficients

Fig. 8 displays the Degree 2 structure coeffi-
cients observed by Smith and Masters (1989a) for
multiplets along the fundamental mode branch,
as well as the predicted coefficients of the volu-
metric models S12_WMI13 (solid line) and
SH.10c.17 (dotted line). The predicted coeffi-
cients were computed using Egq. (4), and were
made comparable with the observed coefficients
by including crustal and Coriolis coupling correc-
tions {Smith and Masters, 1989b). Crustal correc-
tions were applied to the predicted coefficients of
$12 _WM13 and SH.10c¢.17 using, respectively, the
Harvard crustal model (Woodhouse and Dzie-
wonski, 1984) and the Scripps crustal model
{Smith and Masters, 1989a). These corrections
have been discussed in greater detail by Ritz-
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woller and Lavely (1994b). The crustal model of
Su et al. (1994) extends the Harvard crustal model
to Degree 12, but the models are identical to

Degree 8.

In the following, the fit of the predicted to the
observed ¢J coefficients will be ignored as the
predicted values vary substantially between the
two models. The accuracy of the Coriolis cou-
pling correction to these coefficients is strongly
dependent on an accurate spherical reference
model. In addition, there exists a substantial dis-
crepancy between the Scripps and Harvard crustal
models in the predicted values of the crustal
correction for axisymmetric Degree 2 structure. It
is impractical to display the observed and pre-
dicted structure coefficients for all of the relevant
volumetric and topographic model combinations.
However, the fit of these model combinations to
the data are displayed in terms of functions of y?
statistics in the following section.

4.2. x? statistics and data misfit

In this section x* statistics are used to com-
pare the observed normal mode structure coeffi-
cients with the structure coefficients computed
for various combinations of the 410 and 660 km
topographic models with the volumetric models
8512_WM13 and SH.10c.17. In the present con-
text, interpretation of y? statistics is meaningful
only if computed for the range of multiplets that
display significant sensitivity to the appropriate
boundaries. For example, Fig. 2 shows that 660
km boundary models have the most significant
effect on fundamental modes above the Coriolis
coupling regime in the range 20 </ < 35, and that
410 km boundary models are important for fun-
damental modes in the range 30 </<52. The
inclusion of multiplets in a x? summation that
are outside the domains of influence would tend
to obscure the effect of boundary models on data
misfit statistics. Thus, we consider individual mul-
tiplets separately and sum over all azimuthal or-
ders for each degree of structure. _

Of relevance here is whether the addition of a
given topographic model to a given volumetric
model enhances or degrades the data misfit. Thus,
we introduce the x? ratio statistic y2,(s, k)

which is defined as the ratio of y? values com-
puted using a given volumetric model and a com-
bined volumetric + topographic model for the kth
multiplet and degree s of structure:

X7 (volumes)

2
(s, k)=
Xeaiol 5+ &) X1x{volumes + topography)

B s =t nt £y 2 (7)
E kcs+cs “kCs
1=~ ka'sl

where ,c] is the observed structure coefficient for
the kth multiplet, ¢! is the sum of the predicted
mantle-volumetric, crustal, and Coriolis coupling
structure coefficients, ,£7 is the predicted topo-
graphic structure coefficient, and .o, is the un-
certainty estimated for ,c!. We call the statistic
defined in Eq. (7) the x? ratio.

Values of the y? ratio greater than unity sig-
nify that the addition of a topographic model to
the volumetric model improves the fit to the data,
and ratios less than unity reflect a degradation in
fit to the data. Values of this statistic for the
volumetric model S12_WMI13 relative to the
model combinations S12_WM13 + Topo660a
(solid line), S12_WMI13 + Topo660c (dashed
line), and S§12_WM13 + Topodl0c + Topo660c
(dotted line) are shown in Fig. 9(a)} for even
degrees 2 <5 < 8. In analogy to Fig. %a), Fig.
9(b) displays the x? ratios for the volumetric
model SH.10c.17 relative to the model combina-
tions SH.10c.17 + Topo660a (solid line), SH.
10¢.17 4+ Topo660b (dashed line), and SH.10¢.17
+ Topo410b + Topo66db (dotted line).

Figs. 9(a) and ¥b) are usefully viewed in con-
junction with Fig. 2, which displays the sensitivity
of fundamental modes to a unit perturbation on
the 410 and 660 km boundaries. The addition of
Topot6la to S12_WM13 appears to improve the
fit to the Degree 2 coefficients for the majority of
the multiplets in the range considered. In particu-
lar, the ratios are maximized in the range of
maximum modal sensitivity to structure on the
660 km boundary. In contrast, the model combi-
nations Topo660c + 512_WM13 and Topo410c +
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Topo660c + S12_WM13 are characterized by y?
ratios that on average are below unity. Thus, the
addition of these topographic models to S$12
_WM13 degrades the fit to the structure coeffi-
cients relative to the fit achieved wusing
S12_WM13 alone.

The addition of Topo660a to SH.10c.17 im-
proves the fit to the observed coefficients for only
a few of the multiplets. The combined models
Topo410b + Topo660b + SH.10c.17 and Topo-
660b + SH.10c.17 degrade the fit for almost all of
the multiplets at all degrees of structure. In gen-
eral, the fit of SH.10c.17 to the observed coeffi-
cients is more strongly degraded by the addition
of the class b topographic models than
S12_WMI13 is degraded by the addition of the
class ¢ topographic models. 1t is not surprising
that the addition of topographic models to
SH.10c.17 generally does not improve the fit to
the data as the even-degree components of
SH.10c.17 have been designed to fit the structure
coefficients with purely volumetric structure. The
Degree 8 topographic corrections are small rela-
tive to the errors of the observed coefficients and,
thus, the y? ratios approach unity for all model
combinations. The interpretation of these results
is discussed further in Section 5.1.

5. Discussion

In this section we discuss the implications of
the inversion experiments described in Section 3
and the misfit statistics reported in Section 4. In
Section 3 it was shown how normal mode--mantle
wave and body wave inversions for volumetric
structure can be biased by unmodeled topo-
graphic structure. In Section 4 it was shown that
topographic boundary models when added to vol-
umetric models can significantly affect the fit to
observed normal mode structure coefficients.
These findings immediately suggest two ques-
tions: have current models of mantle-volumetric
structure resolved the trade-off between volumet-
ric structure and topography on the 410 and 660
km boundaries? If not, does there exist a combi-
nation of normal mode and body wave travel time
data that can be used to resolve the trade-off?

These questions are discussed, respectively, in
Sections 5.1 and 5.2.

5.1. Has the trade-off between volumetric and topo-
graphic structure been resolved?

To address if the trade-off between volumetric
and topographic structures has been resolved by
current models of 3D volumetric structure in the
mantle, we investigate if the combination of the
global topographic models with current volumet-
ric models improves the fit to observed normal
mode siructure coefficients. The combination of
an accurate boundary model with a volumetric
model that has resolved the trade-off should pro-
vide a better fit to observed normal mode struc-
ture coefficients than the volumetric model alone.

The x? ratios displayed in Fig. %a) demon-
strate that the combined model Topo660a +
512_WMI13 significantly improves the fit to ob-
served normal mode structure coefficients rela-
tive to the fit achieved with the volumetric model
§$12_WM13 alone. Any other topographic modei
is incompatible with all of the volumetric models
because, as Figs. Ha) and 9(b) show, the combi-
nation of the boundary models Topo410b,
Topo410c, Topo660b, and Topo660c with the vol-
umetric models $12_WM13 and SH.10c.17 gen-
erally degrades the fit to the observed structure
coefficients relative to the fit achieved using the
volumetric models alone.

The observation that the model combination
S12_WM13 + Topo660a satisfies our consistency
test is intriguing, but does not necessarily imply
that 512_WM13 has resolved the trade-off be-
tween volumetric and topographic structure. One
problem is that the structure coefficients ob-
served to date constrain only the even-degree
components of boundary and volumetric struc-
tures. Thus, the fit to the odd-degree components
cannot be assessed. A more serious problem is
that this approach is only a consistency test, and
is not conclusive as the boundary model Topo660a
may not be accurate. In fact, Topo660a appar-
ently was constructed using an erroneous surface
topographic correction, and has been subse-
quently disavowed by Shearer (1993). In addition,
the class b and ¢ models are intimately coupled
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with the reference volumetric and crustal models
used to remove the effects of volumetric hetero-
geneity.

The use of the method employed here to test if
volumetric models have resolved the volumetric—
topographic trade-off will only be conclusive when
the boundary models are believed to represent
accurate global models. The first-generation glob-
al topographic models are probably fairly accu-
rate in certain well-sampled regions, but are less
reliable as giobal models. As the reference volu-
metric models continue to improve, and the global
sampling of $5-SdS phase pairs becomes more
uniform with the addition of data from new net-
works, the reliability of the global-scale features
of later-generation topographic models will im-
prove as well.

In addition to testing the consistency between
the seismic volumetric and topographic models,
there are a number of other geophysical data
with which the consistency of the global boundary
models of Shearer and Masters (1992) and
Shearer (1993) can be determined. For example,
regional high-resolution studies of 660 km topog-
raphy (e.g. Wicks and Richards, 1993) can be
compared with the Topo660a, b, and ¢ boundary
models. Another approach is that of Morgan and
Shearer (1993), in which the observed topography
is used to infer the requisite density heterogene-
ity that deforms the boundary. The density het-
erogeneity inferred using this procedure can then
be compared with the heterogeneity implied by
global seismic models and slab models (subject to
suitable scaling relationships). In addition, pre-
dicted and observed geoid coefficients, and geo-
dynamically computed flow patterns can be com-
pared with observations.

5.2. Can the trade-off between volumetric and to-
pographic structure be resolved?

There are two ways, in principle, to resolve the
trade-off between volumetric and topographic

structures. The first method is to use waves that

do not sample a specific boundary but do con-
strain the volume directly above the boundary, If
a body wave ray path or a mantle wave—normal
mode sensitivity kernel does not intersect a

boundary, then the associated datum will be in-
sensitive to that boundary. Thus, body waves that
turn or a normal mode whose exponential tail is
directly above a boundary are able to constrain
the volume above the boundary with reduced
contamination from topography on the boundary
directly below. In this way the addition of turning
S waves or SS waves in the transition zone in the
synthetic experiments described in Section 3.2
reduced the bias in this region. The problem with
this method is that data of the requisite sort have
been relatively few in number and they resolve
the trade-off only for the volumes above a bound-
ary. Consequently, bias tends to decrease above
the boundary but increases below it. This is not
particularly bad news for the transition zone, as
the bias in this region caused by topography on
the 410 km boundary is not very large, but is bad
news for attempts to calibrate the top of the
lower mantle. Another problem is that body waves
have a Fresnel zone of non-negligible width. Thus,
body waves that turn above a boundary may
nonetheless be influenced by the boundary.

The second method is based on the observa-
tion that the efficiency of biasing is inversely
proportional to the radial resolving power of the
data. Radial S-wave resolution lengths are short
in comparison with normal modes—mantle waves
and for S8-8 phase pairs in which there is large
radial separation between the bottoming points
of the § and S§ phases. Consequently, absolute
S-wave travel time measurements cannot be fitted
as cfficiently with the radially coarse volumetric
basis functions that define global models as can
the normal mode-mantle wave structure coeffi-
cients and the differential travel times, and the
r.m.s, amplitudes of the resultant biased models
are reduced. The problem with the use of abso-
lute S-wave travel times is that they are sensitive
to contamination owing to near-source structures,
which diminishes their capacity to resolve the
trade-off.

As the efficiency of biasing is dependent on
the radial resolving power of the data, an esti-
mate of the radial resolution of current 31D mod-
els would be useful. The resolving power can be
characterized through the use of the radial corre-
lation function R(r, #') introduced by Jordan et
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al. (1993), This function defines the geographical
correlation of aspherical structure on the spheri-
cal surfaces r and r'. The vanation in this func
tiom with radius identifies the charecteristic scales
of radial change within n model. B(r. ) defines
# 2D function whose value s unity on the diago
nal {r = '}, and whose decay away from the diag-
onal characterizes the rave of decorretation of
structures on spherical surfices as their radii
separate, Fig 10 is a plot of B(r, r') for the
volumetnic model SH. 10,17, The odd degrees of
this model are constrained by body wave data
including 5 waves and 55-5 phase pairs. The
radial correlation function shows that the resalv-
mg power of the puare body wave datn ser is
pocirer than that of the combimed body wave and

B Latiety o aal /ey of ghe Eanth aed Manenoey Imdenoes 86 0 18990 17

4

normal mode=mantle wave data set thai con-
strain the even degrees of this model.

To make progress in resobving the topo-
jmaphic—-volumerric bias, the first of the methods
descmbed above s the more likely alternative.
Therefore, the best hope for desensitizing the
fransition zone structure 0 biss caused by lopog-
raphy on the boundarics that sucround it s to fit
preferentially 55-5 differential travel tmes for
a5 waves that boltom in the transition zone (25°
< A< 4P} and to fit mantle wave data sensifive
toe the transition rone but inscnsitive to the GR
km boundary. As Fig, 1] illustrates, the relevant
mantle waves will lie approxmately in the inter-
vitl between (S, and ;5.

Current global models are incorporating ex-
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Fig. 11. Sensitivity kernels for three fundamental multiplets across the upper mantle, demonstrating differential sensitivity to the
transition zone with only low sensitivity to topography on the 660 km boundary.

pansions in the data used, both in type and fre-
quency, and are currently moving in the direc-
tions recommended here. However, most of the
SS-S differential travel time measurements to
date have been for phase pairs with SS legs
bottoming in the lower mantle. This is due to the
distribution of sources and receivers, and due to
the difficulty of measuring the differential time of
pairs with the SS legs bottoming in the transition
zone. SS triplicates at the top and bottom of the
transition zone, which complicates the SS wave-
form, making standard differential travel time
estimates using cross-correlation with observed S
impossible. This problem can be dealt with by
making SS travel time estimates through correla-
tion with a synthetic trace as was done by Grand
and Helmberger (1985), who fitted WKBJ syn-
thetics both to the direct and to the bounced
phases to estimate the differential time. The ad-
dition of new seismic stations in the last few
years, especially in Asia in regions near large
topographic depressions in the 660 km boundary
models of Shearer and Masters {1992) and
Shearer (1993), should allow the observation of

many more relevant SS phases and the calibra-
tion of the transition zone models in this region,

6. Conclusions

The purpose of this paper has been to address
three questions for which we briefly summarize
the conclusions here.

(1) To what extent does unmodeled structure
on the 410 and 660 km boundaries bias volumet-
ric structure in inversions based on normal
mode—mantle wave structure coefficients, abso-
lute S-wave travel times, and differential SS—S
travel times? We have shown that inversions for
volumetric structure based on normal mode—
mantle wave data can be biased by realistic topo-
graphic structures on the 410 and 660 km bound-
aries at the 20% level in the transition zone
relative to the volumetric model $S12_WM13. The
bias peaks in the vicinity of the boundaries. Inver-
sion experiments based on absolute S-wave travel
times with S waves that bottom in and below the
transition zone, or on SS-S phase pairs that
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include S$S legs that bottom in and below the
transition zone yield biased volumetric models
with transition zone r.m.s. amplitudes reduced by
a factor of about three to five relative to the
r.m.s. bias of models inverted from normal
modes—mantle waves. Inversions based on S5-S
phase pairs that include only SS legs yield bot-
toming in the lower mantle biased transition zone
r.m.s. amplitudes reduced by a factor of about
two to three relative to the normal modes—man-
tle waves biased model. -

(2) Can the differences in the sensitivity of S
waves, differential phase pairs such as S§-S, and
normal mode data be exploited to estimate tran-
sition zone volumetric models that are relatively
unbiased by topographic structure? In principle,
the fundamentally different sensitivity kernels of
absolute S waves compared with normal modes or
58§ phase pairs can be used to overcome par-
tially the trade-off between volumetric and topo-
graphic structures. In practice, the use of abso-
lute S travel times to resolve the trade-off is
complicated by the difficulty of removing signal
contamination from near-source structure. The
contamination owing to near-source structure can
be mitigated by the use of differential phase pairs
such as $S8-5, but unless the inversion includes
SS legs that bottom in the transition zone, the use
of phase pairs sacrifices the radial resolution that
is needed to resolve the trade-off between volu-
metric and topographic structures.

(3) Have current volumetric models resolved
the trade-off that exists between volumetric and
topographic structures? The combined model
Topoo660a + S12_ WM13 represents the sole com-
bined boundary and volumetric mode! that im-
proved the fit to normal mode structure coeffi-
cients relative to the volumetric model alone.
This suggests that S12_WM13 may have resolved
the trade-off, but this result is equivocal as
Topo660a has been disavowed by Shearer (1993).
The addition of the class b and ¢ topographic
models of Shearer (1993) to the reference volu-
metric models degrades the fit to the normal
mode structure coefficients. However, we only
can infer from this that the volumetric models
have not resolved the trade-off between volumet-
ric and topographic structure if the more recent

topographic models are themselves relatively er-
ror free.
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