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INTRODUCTION

SUMMARY

We present an iterative method to constrain lateral variations in surface wave
attenuation using long-period surface wave amplitude anomalies. The method acts
to isolate the anclastic signal from clastic focusing effects, yielding largely unbiased
estimates of lateral variations in the inverse seismic quality factor, g(w) = Q7' (w),
of the surface wave. In the zeroth iteration, linearized ray theory motivates the
construction of a reduced datum, using measurements from four consecutive surface
wave orbits, which is insensitive to elastic heterogeneity, an operation which
requires no a priori knowledge of elastic structure. Synthetic experiments using both
ray theoretic formalisms and normal-mode calculations reveal that significant levels
of elastic bias remain in the reduced data due to deviations from linearized ray
theory. In further efforts to eliminate elastic bias, the remaining elastic signal in each
reduced datum is predicted and subtracted using accurate forward theory and
existing aspherical elastic mantle models. This operation is the first iteration of a
non-linear inversion in which the data at each iteration are the residuals between the
observed anomalies and the anomalies predicted for a fixed phase velocity model
and updated attenuation model.

The zeroth and first iterations are performed with 1610 vertical and 790
longitudinal component seismograms from 144 events. Heterogeneity maps of
Rayleigh wave attenuation 8g(w, @, ¢) are retrieved for the even degrees 2, 4 and 6
of a spherical harmonic expansion in the period range of 150-300s (825 — 0Ss0)-
These surface wave attenuation maps are analogous to elastic phase velocity in their
radial averaging of, and linear relationship to, intrinsic heterogeneity and are
inverted for upper mantle anelastic structure. Under the physically plausible
assumption that intrinsic elastic and anelastic structure are correlated at every depth,
the surface wave attenuation maps are well explained by a source region of anelastic
heterogeneity that is radially localized in the shallow mantle (100-300km) in a
region we infer to be near the solidus temperature.
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locate the 3-D distribution of anelastic heterogeneity in the
upper mantle.

In this study, we constrain long-wavelength lateral variations
in surface wave attenuation in the upper mantle using
amplitude anomalies of multiply orbiting surface waves. The
lateral variations in the inverse quality factor
g(w) =Q (@) of the surface wave represent a weighted
radial average of intrinsic anelastic structure (Woodhouse &
Dahlen 1978) and are used in a preliminary inversion to

Amplitude and phase anomalies observed in long-period
surface waves are well understood in character, if not in
detail. Because of the robust relationship between phase
anomaly observations and elastic structure, the understand-
ing of the mantle’s velocity structure has advanced
appreciably. Numerous velocity models exist for the upper
mantle {e.g. Masters et al. 1982; Nakanishi & Anderson 1983,
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1984; Woodhouse & Dziewonski 1984; Tanimoto 1985, 1986,
Romanowicz, Roult & Kohl 1987, Ritzwoller, Masters &
Gilbert 1988) based on the modelling of seismic phases as
either traveltime anomalies or eigenfrequency shifts. Recent
investigations have incorporated amplitude anomalies and
modelled elastic focusing effects to provide tighter
constraints on upper mantle elastic structure (Pollitz, Park &
Dahlen 1987, Wong 1989). However, while existing elastic
models successfully explain anomalies in phase, only a small
fraction of the observed amplitude anomalies are properly
predicted and much of the amplitude signal remains
unmodelled. A prominent additional source of the observed
amplitude anomalies is aspherical variation in the
dissipation, or attenuation, of surface waves in the mantle.
Attenuation studies have struggled with the ambiguity
involved in the estimation of the seismic quality factor, since
amplitude anomalies contain significant signal besides that
attributable to anelastic dissipation. Surface wave amplitude
anomalies are subject to uncertainties in the instrument
response and seismic source, interference by overtone
signals and, most importantly, the refraction of wave energy
through elastic structure. Early observational studies of
surface wave attenuation using amplitude measurements
(Ben-Menahem 1965; Kanamori 1970) were unable to
discern coherent lateral variations in the quality factor even
though phase velocities were clearly seen to vary across
regions of tectonic activity and quiescence. The measured
phase-velocity variations were on the order of 1-2 per cent,
but the inferred seismic quality factor varied by roughly 50
per cent. Later studies attempted to constrain a regionalized
component in the variations of surface wave attenuation.
Mills (1978) and Nakanishi (1979a) both used a ‘pure-path’
technique to study Rayleigh waves and observed a
correlation between phase velocity and Q perturbations
across certain tectonic regions. Dziewonski & Steim (1982)
inferred a @ difference between continents and oceans
consistent with the results of Sipkin & Jordan (1980) based
on measurements of ScS attenuation. Roult (1982) also
noted a correlation between low  values and large path
fraction across young ocean. Attempts have also been made
to interpret observations of both normal mode multiplet
peak widths and amplitudes in terms of aspherical ¢. Davis
{1985) showed that the variation of peak widths caused by
realistic elastic structure and noise is approximately equal to
the variation of attenuation signal and argued that the
resolution of @ structure will be difficult from measurements
of peak widths alone. Masters & Gilbert (1983) concluded
that the distribution of apparent attenuation measurements
from peak widths does not contain a coherent long-
wavelength aspherical structure. Later, using a much larger
data set of over 3000 recordings providing approximately
1200 measurements per multiplet, Smith & Masters (1989)
reported the existence of a weak degree 2 aspherical-
attenuation signal in peak widths which was negatively
correlated with elastic-phase velocity,. Romanowicz ef al.
(1987) fit degree 2 spherical harmonics to surface wave
amplitude measurements and also reported a negative
correlation with phase velocity. In further studies,
Romanowicz, Ekstrom & Lognonné (1989) and Romanow-
icz (1990) sought to isolate the aneclastic signal in a small
number of high-quality amplitude anomalies and con-
strained low-degree variations in surface wave attenuation

with a hypothesized source region at about 250-500 km
depth.

To obtain unbiased measures of aspherical surface wave
attenuation, the anelastic and elastic effects on seismic data
must be distinguished. Optimally, the elastic and anelastic
structure may be determined simultaneously using both
amplitude and phase information. However, anelastic
heterogeneity may also be recovered by isolating the
anelastic signal in the amplitude data (Durek, Dziewonski &
Woodhouse 1988; Durek, Ritzwoller & Woodhouse 1989,
Romanowicz et al. 1989; Romanowicz 1990), keeping elastic
signal from being mapped into, and therefore biasing,
retrieved anelastic models. Motivating the initial step to
isolate the anelastic signal, linearized ray theory, in which
the linear effect of elastic focusing due to perturbations in
phase velocity is calculated along the unperturbed
great-circle path, suggests a recombination of observed
amplitude anomalies that is desensitized to elastic structure,
However, we will show that significant elastic signal remains
in the data due to departures from linearized ray theory,
leading to inferred attenuation maps that are biased by
roughly 30 per cent in magnitude. To further isclate the
anelastic signal, the remaining elastic bias in the data is
estimated and removed using a fixed-reference elastic
model. This operation represents the first iteration in the
general iterative problem of estimating lateral variations in
surface wave attenuation, where, at each iteration, the data
comprise the residuals between the reduced amplitude
anomalies and those predicted for an elastic reference model
and the updated anelastic model. The retrieved coefficients
describing lateral variations in surface wave attenuation are
linear functionals of aspherical anelastic structure and can
then be used as data in a linear inversion for intrinsic
anelastic heterogeneity.

Section 2 details the iterative scheme to isolate and invert
anelastic signal for variations in surface wave attenuation
and reviews the general least-squares problem. In Section 3,
data selection and data processing techniques are discussed.
Section 4 presents the results of experiments where synthetic
data have been used to estimate the potential bias caused by
elastic signal. In Section 5, the models of aspherical
attenuation for Rayleigh waves between 150-300s is
presented for the zeroth and first iterations. In the first
iteration, both normal-mode theory and surface wave ray
theory are used to remove remaining elastic signal. The
results of the two techniques are compared. The inferences,
both qualitative and quantitative, for the source region of
anclastic heterogeneity are made in Section 6. The
conclusions concerning intrinsic anelastic structure are
robust and consistent for the first two iterations performed
in this study.

2 INVERSE PROBLEM FOR SURFACE
WAVYE ATTENUATION

In this section, we investigate a datum in which the anelastic
signal is desensitized to corrupting elastic signal and
establish the non-linear inverse problem relating the datum
to perturbations in surface wave attenuation.
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Figure 1. Comparison between observed seismogram (top) and synthetic seismogram (bottom) calculated from PREM demonstrating the
effects of elastic focusing, In the data trace, even orbits (=2, 4,...) are amplified with respect to the predicted trace while the odd orbits
(n=1,3,...) are deamplified [reproduced from Woodhouse & Wong (1986)].

2.1 Isolation of anelastic signal

Consider a multiply orbiting surface wave. The amplitude
anomaly 4, (w) for the nth surface wave orbit at frequency w
is defined as the ratio of the observed spectral amplitude of
the orbit relative to that predicted by a spherical reference
earth model,

2" (w) = A, (0)/ AT (o). (1)

We seek to isolate the part of the observed amplitude
anomaly attributable to aspherical attenuation in order to
produce an unbiased relation between observable quantities
and the anelastic model parameters, to be defined. If we
consider the operator that maps the amplitude anomaly
from one surface wavepacket arrival (R,) to the next
(R, +>), the source and instrument uncertainty are cancelled,
an advantage first advocated by Sato (1958). This operator
involves the exponential decay of the wave along the path of
the additional orbit travelled

a, +2(w)
a{w)

where B denotes elastic focusing effects and 8¢ is the spatial
perturbation of the inverse quality factor of the surface wave
at frequency w. The quality factor of a surface wave is a
function of the way in which the wave samples intrinsic
anelastic structure and is therefore frequency dependent,
The seismograms in Fig. 1 demonstrate the necessity of
addressing elastic focusing effects, showing a case in which
the surface waves travelling in one direction are amplified
relative to the theoretical seismogram, while waves
travelling in the opposite direction are deamplified. This
phenomenon cannot be explained by attenuation alone. Qur
efforts to reduce the elastic signal in the amplitude
anomalies are motivated by the fact that anelasticity and
elasticity influence amplitudes of oppositely travelling
surface waves differently (Fig. 2). Elastic heterogeneity leads
to focusing and amplification, for wave groups orbiting in
one sense, and to defocusing and deampilification for those
of the opposite sense (Woodhouse & Wong 1986). Anelastic
heterogeneity, on the other hand, affects orbits of both
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Figure 2. Qualitative plots of In (amplitude anomaly) versus surface
wave orbit number. (a) Elastic structure alone leads to focusing or
defocusing depending on the direction of orbit. The case shown
obeys lincarized ray theory, where focusing and defocusing factors
are reciprocals. (b) The introduction of anelastic heterogeneity
uniformly suppresses amplitudes independent of the direction of
orbit.

senses in a similar way. When the predictions of ray theory
are linearized with respect to the aspherical phase-velocity
perturbations it is found that orbits of one sense are
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amplified (deamplified) by the same factor from orbit to
orbit, and that those of the opposite sense are deamplified
(amplified) by the reciprocal factor (Woodhouse & Wong
1986); we shall refer to this approximation as ‘linearized ray
theory’.

The first technique to reduce the biasing elastic signal is
based on the differential behaviour of elastic and anelastic
signals described by linearized ray thecory. A datum d,, is
constructed using ratios of amplitude anomalies from
oppositely travelling waves over four consecutive orbits,

a a
d = n+2 n+3’ (3)
d, d,.1

which, according to linearized ray theory, is completely
insensitive to elastic structure (Durek er al 1988, 1989;
Romanowicz ef al. 1989; Romanowicz 1990). The elastic
signal is reduced without introducing any a priori knowledge
of elastic structure. The resulting datum is referred to as
desensitized to elastic structure. While it will be shown that
departures from linearized ray theory result in a datum stitl
appreciably biased by elastic signal, the procedure is
valuable in that it does reduce elastic signal in the estimator
for wave attenuation.

To account for any remaining ¢lastic signal not predicted
by linearized ray theory, the companion technigue to isolate
the anelastic signal is the prediction and subtraction of the
elastic signal using either the exact ray theoretic expressions
of Woodhouse & Wong (1986) or the summation of coupled
multiplets (Woodhouse 1980; Park & Gilbert 1986; Dahlen
1987; Park 1987) for the elastic earth model MPA12.4A of
Wong (1989}

Ayt = d, TS, @)

where d7°(,) is the datum predicted for the elastic
reference model. The resulting datum is referred to as
debiased relative to the input model of elastic structure. Any
remaining elastic signal in the datum d2<* is attributable to
errors in current long-period elastic models, effects of
higher-degree elastic structure not predicted by linearized
ray theory, and inaccuracies in forward theory, The results
of the synthetic experiments in Section 4 will allow us to
quantify these corrupting influences.

2.2 Tterative inverse problem

The general linearized relation between the desensitized
data and model perturbations is represented by

. ad, ad,,

dng(w) = din((")J ®el’ @anel) + 7 8(‘((‘9) + 3 SQ(“))’ (5)

c q

where ¢ is the elastic phase velocity of the wave, g is the
inverse quality factor, analogous to an imaginary part of
phase velocity, and d® is the predicted anomaly for the
earth model & which contains perturbations in elastic and
anelastic structure. In this study, the elastic phase velocity,
when used, is assumed fixed and known while the anelastic
structure is iteratively perturbed, removing the perturbation
term for elasticity in eq. (5),

8d,,(w), = d,"(w) = d}[w, c(w), g(w) + 8g,(w)]

ad,,
:78'?{4»1('-”): (®)
G

where df° is, again, non-linearly related to the phase-
velocity ¢ and attenuation g. The debiased datum is
equivalent to the first iteration of eq. (6), where the only
aspherical signal in 47 originates from the reference elastic
model.

2.3 Partial derivative matrix

We have constructed an estimator which is dominantly
sensitive to anelastic structure and in this section relate this
observable to attenuation model parameters. The partial
derivative matrix is calculated using results from geometrical
ray theory, and is the anelastic counterpart to the location
parameter formalism of Jordan (1978).

The amplitude anomaly attributable to anelastic structure
may be represented by an exponential decay of the wave

a:nel(m) — e—ﬁa(x,r,w), (7)

where the perturbation in « is accumulated along the true
wavepath

2= || a0 9)d6.9)~auw) [ o, )],

circle (8)

where g, denotes the spherical reference value of the wave
attenuation. Applying the geometrical optics approximation,
where the ray path is reduced to the great-circle connecting
source and receiver, eq. (8) becomes

_Zwa (% qo+5q(6, $) _ 4o (*
da =y [U U, + 8U(8, ¢)dA(9’ 2 UOL A (O, d’)]
)]
_wal gy 8¢ 8U 9o [*
5 UD Ug(1+q0 U'ﬁdA(e,m Uﬂj[, dA(Q,qb)]
(1
or, to first order in 8g,
—wa 2
o= 5 f 84(6, $) dA(6, ), an

where U/ represents group velocity and @ denotes the Earth’s
radius. The term involving the velocity variation (8L7/U,) is
roughly an order of magnitude smaller than the relative
perturbation in g and is neglected. This expression may be
written more generally as a path average

—wda

2U,

da AlSg{w)). (12)
In the geometrical optics approximation, anomalies from
consecutive wavepacket arrivals are thus influenced by
anelastic structure according to

%, (w) = a®*(w) exp [%ﬂ 2fr<ﬁq(w))] : (13

where the perturbation in g is averaged over the great circle
defined by the source and receiver.

The observable that may be attributed to anelastic
structure only is given by

an+2(a")an+3(m):|”2 _ |:7wa
an(w) ar:+1(w) _exp 2'[](]

RO 2na,() .

(14)
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nwa nwa a,(w) a,, (w)
={8q,{w)), (15)

and is insensitive to elastic structure according to linearized
ray theory as well as being independent of source and
instrument errors. The solution of the linear problem posed
in eq. (15) constitutes the zeroth iteration in the iterative
inversion for variations in surface wave attenuation.

The elements of the partial derivative matrix in eq. (6) are
constructed from eq. (15) in which the path-averaged model
perturbation {8g(w); is replaced with an averaging integral
along the great circle,

1
(Bq(w)) =2—ﬁ5€@ 0900 8,0)ds (16)

where (@, @) is the pole of the great circle defined by the
source-receiver pair. The local perturbation 8g{w, 6, ¢¢) is
expanded in complex spherical harmonics following the
convention of Edmonds (1960) and the expression for the
path-averaged perturbation becomes

1
(Ba(@) =3 6q'(w) 5 [ Yi(6, $)ds. a7
st T Jo,@)

As shown by Backus (1964), the great circle average of
spherical harmonics is expressible in terms of their value at
the great circle pole:
1 J‘ P(0)
— YO, pyds =———Y(O, © 18
37 o YO D)5 = F VIO, @) as)
where P, is the Legendre polynomial. Because the great
circle average of odd harmonics vanishes, the geometrical
oplics approximation has restricted the solution space to
even-degree structure, or structure which is symmetric under
reflection through the Earth’s centre.

The linear system for the lateral perturbations in surface
wave attenuation becomes

£(0)
(@i =2 5 )
where [ denotes each source-receiver pair. The partial
derivative matrix in eq. (6) is constant at each iteration; the
relationship between the observed anomalies and model
perturbations is linear in the geometrical optics limit.
However, the predicted anomalies are non-linearly related
to earth structure, requiring iteration to the solution. The
accuracy of the iterative technique is dictated by the ability
to predict the anomalies, which is done using accurate
forward theory, and not in the accuracy of the partial
derivative matrix, which here is only approximate. The
validity of the partial derivative matrix does, however,
influence the convergence properties of the system.

Y{(©; ;) 8g(w), (19)

2.4 Imverse theory

For this overdetermined sysiem, we seek to minimize the
sum of the norm of the residual vector and the norm of the
model vector

min (d'C;'d + q'C'q), (20
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where C, is the data covariance matrix, incorperating errors
in the data and €, is the model covariance matrix,
incorporating a priori constraints on the solution [Jackson
1979: Tarantola & Valette 1982].

At each iteration, the model vector is given by

Q1 =q;t (ATC‘;]A + c;l)_l(AchTldi - ct;lqi): 21

where d, is the residual signal after the signal from the fixed
elastic model and current anelastic model g, have been
removed.

The resolving ability of the system is given by the
resolution matrix (Backus & Gilbert 1967, 1968)

R=(A'C;'A +C.)ATC 'A), (22)
while the a posteriori covariance of the solution is given by
C=a%A"C;'A+C ) ATA(ATC'A+C N, (23)

where for N data, the a posteriori data variance is given by
{Gubbins & Bloxham 1985)

Te—1
72 = M . (24)
N—-—mr®R)
The information density matrix
D=A(ATC;*A+C_HA'C,! (25)

measures the contribution of each datum to the final
solution, The least-squares solution is inherently sensitive to
outliers, a shortcoming which can be detected by the
information density maltrix.

The prior model covariance matrix €, is commonly taken
to be a diagonal matrix of elements AC;', where ) is a
damping parameter restricting the solution from poorly
resolved regions of solution space. Under this formaulation,
the solution is assumed to be normally distributed. The
choice of A should optimally strike a balance between
resolution and error. The use of a priori weighting schemes
on the data is reflected in the data covariance matrix Gy,
since weighting reflects an assessment of data quality or
accuracy.

3 DATA SELECTION

The data used in this study were extracted from long-period
three-component seismograms recorded by the Global
Digital Seismic Network {GIDSN) and vertical component
records from the International Deployment of Accelero-
meters (IDA). Amplitude anomalics were measured from
1610 wvertical, 790 longitudinal and 1140 transverse
seismograms associated with 144 events between 1978 and
1984, Since anomalies from four consecutive surface wave
orbits are required in the inversion, the number of available
data is reduced to 1339 desensitized observations for
Rayleigh waves with 374 reduced data from orbits R,-R,,
609 from R,-Rs, 267 from R;-R,, 82 from R,~R,, and 7
Rs—Rg. While the R, arrival from large events (M, >6.5)
can saturate the GDSN instruments, we were able to extract
several hundred observations of R, from smaller events. Fig.
3 presents the distribution of events and the poles of the
great circle paths used to study Rayleigh wave attenuation.
To measure the surface wave amplitude anomalies, the
data are referenced to a synthetic seismogram constructed
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Figure 3. Distrubtion of 144 events and great-circle pole position of each source-receiver pair used in this study.

for the spherical reference earth model PREM (Dziewonski
& Anderson 1981) and source parameters provided by the
Centroid Moment Tensor (CMT) catalogue (Dziewonski,
Chou & Woodhouse 1981). For each surface wave orbit, a
30min time window is applied, centred at the arrival
corresponding to the group velocities 3.6kms ' and
44kms™" for Rayleigh and Love waves, respectively. For
each extracted wavepacket, the amplitude and phase
anomalies are determined from the transfer function which
maps the synthetic reference spectra to the observed spectra

Esph(w) ) A(w)e“p{M) = "Tobs(w)’ (26)

where it,,,(w), iyp(w) are the Fourier transforms of the
synthetic and observed wavepackets, respectively. The
amplitude and phase transfer functions are parameterized by
a quadratic function of frequency and the polynomial
coefficients are determined by non-linear least squares,
yielding the transfer functions [A(w), #(w)] over the period
range of 150-270s. In the period range of 270-300s, it is
sufficient to parameterize the transfer function as linear. For
further discussion on the formation of the transfer function,
the reader is referred to Wong (1989). The advantage of
expressing the transfer function as a smooth function of
frequency is that it minimizes the effects of spectral noise
from data (runcation and unwanted signal, such as
overtones.

The editing criterion requires an adequate signal-to-noise
ratio and relative isolation of the wave packets, receivers
near the antipode are rejected due to interference of even
and odd orbiting wavepackets. Furthermore, observations
from deep events (>80 km) are rejected to reduce overtone
interference.

4 SYNTHETIC EXPERIMENTS

The ability to accurately and efficiently calculate surface
wave amplituide and phase anomalies for specified earth
structure exists, either using fully coupled normal mode
theory (Park 1987) or surface wave ray theory (Woodhouse
1974; Jobert & Jabert 1983; Woodhouse & Wong 1986),
allowing a synthetic data set to be generated and the
properties of the estimator investigated. In this section, we
perform synthetic experiments designed to illuminate two
aspects of the inversion for surface wave attenuation. First,
we attempt to quantify the consequences of the inability to
completely isolate the anelastic signal from elastic
contamination. Second, we confirm that the approximate
partial derivative matrix used allows convergence to the
input anelastic model.

Unless otherwise stated, for each experiment two
synthetically generated data sets are constructed and
investigated; one using fully coupled normal-mode theory
and the other using the ray-theoretic formalism. The
normal-mode synthetics comprise the spheroidal modes
from 48,5 t0 ,S;5 and include first-order coupling of each
multiplet to its nearest 10 neighbours along the fundamental
mode branch. The observations are obtained from the
synthetic seismograms in the same manner as for the real
data, For the ray theoretic predictions, the amplitude
anomalies a(w) are given directly by the theory.

The first three experiments examine the biasing effects of
elastic structure and emphasize the need to eliminate the
elastic signal from the observed anomalies. The synthetic
data sets for these three experiments duplicate the
observations in both distribution and number. The results
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sirscture may mdooe.

only: aspherical signal in the synthetic data is from the opit
elastic maodel; there is no inpul asphericnl @ or nose, The
dimta are inverted as though oll apomalows  signad s
attributable 1o anclasticity; no atiempt is made to reduce the
elastic signal, Resulis are displayed with attenuation maps at

B gi'l.r-:n Fr:ql.l:m:}' wheres
e, B, ¢) = X Sqliw) Y8 &) (27)

The retrieved attenuation maps  for  synthetic  data
constructed using normal-mode summetion {(Fig. 5a) and
asymplotic ey theory (Fig. 5b) reveal M) per cenl variations
in " even though the inpul anclastic model B spherical,
This example demonstrates that amplitsdes alene are o poor
measure of attenustion and quantifies the biss when elastic
focusing is complerely ignored.

Experinwem no. 20 Fies i gevoth peration: desemsilizolion

In cnp:rin':m ne 2, we lest the elfechrwenpess of
d:y:'n;-iri;'m;g_ the datn 1o remove the clastic signal as
described in Section 2, The conditions of the previous
experiment are duplicated except that in this experiment,
the synthetic datn are desenvnzed 10 elmsfic struclure, b5
suggesied by linearized oy theory [eq. (3)]. The information
im the symthetic data remains unchanged, consisting of
spherical anelnsticity, asphericnl elasticity, and no noise, 17
datn desensitization is successful in isolating the apelastic
signol, the retrieved attenuntion model should bhe the nall
model, The retrieved attenuation models (Figs fin and 6h)
demonstrate  that desensitieation  has removed roughly
two-thirds of the elustic bins compared 1o the mversion of
raw-pmplitude  anomalies, bui  significant  elastic  sipnal
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gzp ¥2 : bias in zeroth iteration

modal theary

(&)

200s (:Sa)
-0.73 < dq x10" < +0.70
Qesey %10 = 655

2008 {:Sa)
~0.54 < dq x10" < +0.40

Qreex X10" = 655

+2.0

Figare 6. Symthelic experiment no, 2 the results of the werath iteration, where the symihetic ampliiade anomalies are deserifized (g Section
3) to elastic structiire as supgesied by linesrized my theory. Elmbic biss has been considersbly reduced from experiment no. [, bul the
magnitude of the b & roughly 30 per cent of the models retneved from real data, The synabetic data are constructed using () normil-isde

sammation and (b full ray theory,

remains, presumably due o departures from lincarized ray
theory. The correct pull attenuation model does nol lie
within one standard deviation of the retrieved models. The
elastic bas i roughly 10 per cent of Fugpsy and Mper oot
of the anelastic models retrieved from data, presented in Lhe
pext section. While successful in reducing clastic =ignal,
desensilization is insufficient when applied alonc.

1t should be pointed out that the mapping of elastic signal
into retdieved anelastic models B onod fandom, bul s
systematic and reproducible for any subset al the data that
simnilarly samples the earth, Thus, breaking the data sei in
hatl and demonstrating the similarity of retrieved structures
does not establish the believability and aceuracy of the
mdsclels,

To reduce this elastic bins further necessitates the use of
an existing sspherical clastic model 15 8 reference model in

eq. (6], Thus, although desensitizing the dats reduces the
effects of clastic fociming and defocusing in & way that
requires no @ prioe’ knowledge of elastic structure, the
remaining elastic bins caused by departures from lincareed
ray theory must be removed by  infroducing  mose
information inlo the esimator through the introduction of
on elasiic reference model.

Experimeni no. 3 binx from short-wimvelenpth efasic
Srincinre

In this synthetic experiment, we attempd o quantify the
effect of shorter wavelength elastic structure on lonag-
wuvelength retrieved anelastic structure. The synihetic daln
set contnins signal from the degree 121 elastic model
MPALZAA, no aspherical anclastic structure, and no. mmse.
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The synthetic data set is generated using exact ray theory.
We desensitize the data and debias it by predicting and
removing the elastic signal using a slightly incorrect model;
in this case, degrees 5 = 010 of the input elastic model. We
test the ability of the remaining degree 11 and 12 elastic
signal to bias retrieved long-wavelength attenuation models.
In this sense, the remaining elastic signal is treated as
though originating from unknown short wavelength clastic
structure. Ultimately, the experiment would be meore
realistic if an aspherical elastic model with structure well
beyond degree 12 was incorporated. However, the results of
this experiment allow us to estimate roughly the extent to
which elastic structure at one wavelength maps into
retrieved attenuation models.

Because phase anomalies are linearly related to velocity
anomalies, the absence of the degree 11 and 12 structure
does not greatly affect phase anomaly predictions and the
incorrect model still explains 91 per cent of the variance. For
amplitude anomalies, which are also sensitive to the
gradients of the velocity anomalies, the absence of the
short-wavelength structure leads to greater error in the
predicted values, with a variance reduction of 63 per cent for
the amplitude anomalies and 54 per cent for the desensitized
data.

Fig. 7(a) presents the maximum deviation of the retrieved
attenuation model as a percentage of PREM where the
regression has been performed for degrees 2, 4 and 6. The
attempt to debias the data using an elastic model that lacks
the short-wavelength structure of the input model reduces
the bias by half on average. In Fig. 7(b), the regression is
extended to degree 12 and the remaining elastic bias
decreases as the wavelength of the retrieved anelastic
structure increases. This behaviour suggests that elastic
structure dominantly maps into anelastic structure of
approximately the same wavelength. We are currently
unable to estimate exactly the effects of all higher-degree
elastic structure on the retrieved models; the elastic signals
from the higher degrees may constructively or destructively
interfere with the details depending on the exact nature of
higher-degree elastic structure. However, since the earth’s
spectrum of heterogeneity is relatively enriched in
longer-wavelength structure, the largest problem will
probably result from bias due to the longest wavelengths,
much of which is eliminated by the elastic reference model.
Nevertheless, we feel that the problem of potential
higher-degree elastic bias merits further investigation.

Experiment no. 4: retrieval of anelasticity

In addition to elastic structure, the synthetic data here
contain signal from an even-degree, zonmal aspherical
anelastic model at degrees s=2, 4, 6, 8 10, 12 that
possesses a half-peak-to-peak variation in ¢ of roughly 40
per cent of gpren. The moduli of the input complex g
coefficients as well as the estimated coefficients for the first
three iterations of eq. (6) are given in Table 2. Table 2 also
lists the retrieved attenuation coefficients when raw-
amplitude anomalies are used and when anomalies are
desensitized but no reference elastic model is employed
(iteration 0). In addition, Table 2 lists the root-sum-moedulus
squared of the retrieved non-axisymmetric coefficients

ezxp #3 : bias from degree 12 elastic structure
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Figure 7. Synthetic experiment no. 3: the predicted mapping of
signal from short-wavelength elastic structure into retrieved
anelastic structure. The synthetic densensitized data are constructed
from the degree 12 model MPA12.4A. The data are debiased using
only the degree 0-10 components of the input model. The
remaining elastic signal is treated as though originating from
unknown short-wavelength clastic structure. The bias is defined as
the maximum value of |8,(8, #)/qprrml at each degree of the
expansion. In (a) the synthetic data have been inverted exactly as
the real data with a degree 6 cxpansion for lateral variations in
surface wave attenuation while in (b}, the expansion was extended
to degree 12.

|qg|:#02
E 1/2
o= | 2 0P +1a5P)| (9)
=1

where |g|=(g*q)"? and * denotes complex conjugation,
The estimated attenuation maps are displayed in Fig. 8.
Because the synthetic data contain no noise, undamped
inversions were performed. Convergence is observed toward
the input coefficients and it is obvious that the unmodelled
anelastic signal from short wavelength structure above
degree 6 is only weakly influencing the retrieved attenuation
coefficients. When damping similar to that used in the data
inversions was applied to the perfect synthetic data, the
input model was underpredicted by roughly 30 per cent.
While this procedure is incorrect since none of the synthetic
data variance is due to noise, it provides an upper bound on
the effect of damping on the retrieved model size.

We have confirmed that the ability to converge to the
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Table 2. Synthetic experiment no. 4: comparison of the input attenuation coefficients with the retrieved coefficients at
each iteration. The input attenuation is a degree 12 zonal model. The zonal term (s = 0) is compared to the length of
the non-zonal terms for each degree. The shortest wavelength attenuation structure in the input model does not

significantly bias the retrieved model.

degree 2 degree 4 degree 6
b2 x10% | 18g%|ee0 x10% || 8¢ x10? | [6q%|ist0 x103 || 8% x10° | |8¢[e0 x10°
input model 2.1020 0.0000 0.6961 0.0000 2.1893 0.0000
apparent atten 1.5290 0.9519 1.0725 1.2455 2.5177 1.9619
iteration 0: desen || 1.879% 0.7457 1.0123 0.9960 2.8677 1.2177
iteration I: debias || 1.9513 0.0589 0.5487 0.0783 1.9082 0.1733
iteration 2 2.1030 0.0024 0.6754 0.0508 2.1541 0.0483
lteration 3 2.0996 0.0020 0.6849 0.0449 2.1923 0.0429

correct solution depends on the ability to predict accurately
the data residual and not on the accuracy of the geometrical
optics approximations used to calculate the partial derivative
matrix. Thus, the errors in the final models of attenuation
are not a function of the errors in the partial derivative
matrix. However, the computational ease of the geometrical
optics approximations comes at the sacrifice of restricting us
to consider only even-degree structure.

The synthetic experiments in this section have demonstr-
ated the convergence of the iterative algorithm defined by
eq. {6), emphasized the necessity of properly treating the
elastic signal, and have helped quantify potential bias due to
unmodelled signal. In applications to data, departures of the
estimator from the true attenuation structure are a result of
our inability to eliminate the influence of elastic and short
wavelength anelastic signal perfectly. Desensitization is most
accurate in reducing the data sensitivity to the long-
wavelength elastic structure and the elastic reference model
does not model the elastic bias caused by structure above
degree 12. We believe that the most likely cause of
remaining bias in the data is due to short-wavelength elastic
structure.

5 RETRIEVED SURFACE WAVE
ATTENUATION MAPS

In this section, the isolation of anelastic signal and inversion
for lateral variations in surface wave attenuation, as
presented in Section 2, are applied to the data described in
Section 3. In the inversion, the heterogeneous attenuation is
described by a truncated spherical harmonic expansion of
degree 6 yielding a total number of parameters of 28. The
damping is chosen to achieve a small magnitude modet
which explains most of the data, restricting unjustified
small-scale structure. The damping values used allow
roughly 21 degrees of freedom as determined by the trace of
the resolution matrix. Because of the damping philosophy,
which tends towards the smallest model which explains the
majority of the data, the retrieved models may be
considered lower bounds on acceptable model sizes. From
experimentation, the geographical distribution of the
heterogeneity is a robust feature that varics little with

damping. Further, the geometry and, to a lesser extent, the
size of the model through degree 6, is found to change
insignificantly as the truncation of the expansion is increased
beyond degree 6. However, the variance reduction afforded
by the additional structure is insufficient to justify the
additional degrees of freedom.

Observations from higher orbit arrivals are subject to
increased contamination due to the reduced validity of
linearized ray thecory as well as an inherently smalier
signal-to-noise ratio. Initially, an exponentially decaying
weight is applied to reduce the dependence of the retrieved
models on information from higher orbit arrivals. The
residual variances for data from ecach orbit are then
calculated @ posteriori and the inversion is reperformed
incorporating the a posferiori variances as weights, or
measures of error for each class of data. The intention is to
approach uniform data variance which is required for the
least-squares solution to coincide with the maximum
likelihood solution.

Fig. 9 presents the even-degree surface wave attenuation
maps obtained for Rayleigh waves at 240, 200 and
160 seconds (854, ¢S4, o9s7)- These results are for the
zeroth iteration, where the data have been desensitized
according to linearized ray theory. The models are for
perturbations in Rayleigh-wave attenuation 8gq{w, 8, ¢) at a
given frequency and are analogous to the elastic phase
velocity of a wave in their depth averaging of, and linear
relationship to, intrinsic structure. As the period decreases,
the sensitivity of the surface waves to structure is
compressed towards the surface. Fig. 10 demonstrates the
sensitivity kernels of the Rayleigh waves to anelastic
structure at the three periods shown in Fig. 9. If the elastic
signal had been ignored and the inverted observations were
biased-amplitude anomalics alone, the retrieved models
would be roughly 50 per cent larger and have a significantly
stronger zonal degree 2 feature, more closely resembling
known elastic structure.

Figures 11 and 12 present the retrieved Rayleigh-wave
attenuation after the first iteration, in which any remaining
elastic signal due to departures in linearized ray theory has
been estimated and removed. In Fig. 11, normal-mode
calculations coupling the ten nearest neighbours to each
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exp #4 ; canvergence aof inversion

input attenuation model
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Figure 8. Syarheric experimend ne 4 retrieved anelasticity Tor synthetic data constrscied wsing elane model MBL12A (sce fext) and & zonal
anclastic npul model. (o) Degrees 3 theough sis of ihe even-degree 12 input anelastic model, (b)) Retmeved allenuation after the zerath
fleradion. (¢} Afler the third Remtion, the converpenee 10 the mpul model & essentinlly complede.

miultipher were wied 1o extroct remaining elastic signal, while
in Fig. 12, the elastic signal wis predicied using expresions
provided from exact surfnce wave ray theory,

Considermg the geometry of the anclastic models for the
two  deratioms, remwoval of the elastic signal through
debipiing refines the view of anclasticity. When applving

normal mode corvections, the geometry changes littde but
the model size is significanily perfurbed, a result of the fact
thal the biased model predicied by modal theory & well
cowrelaled with the retrieved amselastic model (compare Figs
Ga and 11b) Such & situation, where the false mapping
obinined from elastic bias and the retfeved nilenuation
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2408 (sS)
179 < &g x10" < +1B2

Gy X107 = B85

200% {,5,)
-1.94 < g 210" < +1.48
Qe X107 = BEB

1808 (,5)
-2.03 < 8q x10" < «2.10
Qresy X107 = 7.3

Figare 9, Retrieved pertushations in Rayle
mignile aemiically.

model are correlated, emphasizes the need 1o address
properly the presence of biasing elastic signal in the data,
The application of ray theorete corrections only shghtly
modifies the size and geometry of the retrieved models.

Fig. 13 presents the modulus of each degree of the
attenvation madels for the results of the first two lterations.

gh-wive atieAuation i@, g, w)] from observatioms of amplitede anomalies for Rayleiph waves ai
perioch of (a) 240, (b} 200 snd () 1605 These resulbfs are for the zeroth lermtion where

by desensitization of the dsth svording to limearized oy theory. The heeieropgeneity

the reduction of Maseng clmtic signal is acoomplshed
maps are amkligous o phase velocity and simpde the

The peneral trend i that the modulus decreases with
decreasing period until 2405 at which point the model size
increases with decreasing period, In the zeroth iteration, &
slighl decrease in degree 2 atlenuntion occurs until 18s,
suggesting either a slight signature of a deep degree 2 source
of onclastic signal or a bissed signature from the large
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Figure 10. The integral kernels that govern the radial sensitivity of
Rayleigh waves to Earth structure plotted for the same periods
discussed in Fig. 9.

degree 2 elastic structure in the transition zone. In the first
ieration, the models obtained when the data are debiased
according to normal-mode predictions exhibit more extreme
modification, with the model size decreasing by 30 per cent
near 200s and increasing by 50 per cent at the extreme
ranges of interest. In the case in which ray theory is used to
remove elastic bias, the attenuation models vary little from
the zeroth iteration, where the data are only desensitized. In
the first iteration, the degree 2 decrease observed after the
zeroth iteration is either eliminated, using normal mode
corrections, or slightly reduced, using ray theoretic
corrections,

Fig. 14 is the relative variance for the retrieved anelastic
models. In each plot, the upper curve is the relative variance
in the debiased data attributable only to the removal of
elastic signal as predicted by forward theory, while the lower
curve is the variance attributable to both the elastic and
anelastic models. The upper plot represents the results of
applying normai-mode corrections while the lower plot
considers ray theory. Modal theory provides an additional
variance reduction of 10 per cent near 200s, but has
difficulty at shorter periods. Experiments have have shown
that the edge effects due to the finite summation of modes
has negligible effect on the ability of modal theory to
improve the variance at high frequency. A more likely
explanation for the difficuity at high frequency is that at this
range, modes are more abundantly and strongly coupled and
that the assumptions of first-order coupling and relative
isolation of modes along the fundamental branch are less
applicable. Ray theory has difficulty at low frequency but
improves greatly with increasing frequency, as would be
expected. The variance reduction has a maximum of 35 per
cent near 150 s. Because 4, is a reduced datum, constructed
from four consecutive amplitude anomalies, its accurate
prediction may be more sensitive to approximations in the
forward theory, leading to smaller variance reduction than
might be expected.

6 SOURCE REGION OF ASPHERICAL
ANELASTICITY

Qualitatively, the geometry of the surface wave attenuation
maps (Fig. 12) are strikingly similar over a broad frequency
range, suggesting that the source region of anelastic
heterogeneity is similarly sampled by surface waves at the
three periods. Referring to Fig. 10 which demonstrates the
radial sensitivity of Rayleigh waves at the corresponding
periods, we observe that the only region commonly sampled
at all three periods is shallow, in or near the low velocity
zone, defined as the region between 80-200 km depth.

The frequency dependence of the Rayleigh-wave attenua-
tion maps, plotted in Fig. 13, demonstrates that as the
sensitivity to shallow structure increases with increasing
frequency, the modulus of the coefficients in all degrees
generally increases. In contrast, the frequency dependence
of the magnitude of the elastic phase velocity coefficients
(Fig. 15) shows the strong degree 2 signal from the transition
zone, manifested as a strongly decreasing magnitude in
degree 2 structure with decreasing period. Because of the
contrast in the power of the surface wave attenuation and
phase velocity with frequency, even though the intrinsic
structure is sampled identically, the dominant source region
of anelastic heterogeneity must be different than that for
elasticity and is likely to reside in the shallower mantle.

To gain a quantitative understanding of the 3-D intrinsic
anelastic structure, we start with the plausible physical
hypothesis that intrinsic elastic and anelastic heterogeneity
are correlated at every depth. Since it is likely that
attenuation variations are dominantly temperature con-
trolled and radial derivatives of temperature are larger than
lateral gradients, we confine ourselves to a radial-dependent
proportionality coefficient

8q,(r)

0= Sy 29)
which maps intrinsic velocity into intrinsic anelasticity. The
retrieved surface wave attenuation coefficients are linearly
related to known intrinsic shear velocity perturbations, 8v,
by

Re r
dqi(w;) = K (r, wf-)[a(r) %r—)]r?‘ dr, (30)

0 v(r}
with K(r, ;) being the radial semsitivity kernel for the
surface wave at frequency w; (Woodhouse & Dahlen 1978).
Adopting the aspherical shear velocity model M84A for dv
and PREM for v, eq. (30) forms a linear system to be solved
for the proportionality profile, a(r). The conclusions from
this inversion are not sensitive to the choice of the reference
elastic model.

In the first inversion for the radially dependent
proportionality coefficient «(r), the mantle is treated as a
four-layer model, corresponding to the lid (0-80km), the
low-velocity zone (80-220km), the high-gradient zone
(220-400 km), and the transition zone (400-670km), in
which « is chosen to be constant in each layer. In the
inversion, the proportionality coefficient is at all times
required to be negative, based on the physical argument that
realistic physical mechanisms for heterogencity produce a
velocity increase with a decrease in attenuation. The results
of the inversion, in Fig. 16, reveal a proportionality constant
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first iteration (debins modal theory)
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Figure 11 Retneved Rayleigh wave anenuation S0, &, w) after the find ilerstion in which the duta have been defiored. The remaining
elastic hins in the desensitized datn by been extmmated and removed using the known elastic model MBL12ZA (see text) and sormal-maode

calculations.

that k= greater in the low-velocty zong and peglipble n he
upper mantke below #00km. Fig. 16(a) presents the resulis
using the ntenuation ceefflcents [rom the erolh neration,
using desensitized data, whilke in Figs 16{b) and 16(c), the
artenuation cocfficlents {rom the flest Deration ore imed,
where the data are debisted sccording 1o normalmads
theory and ray theory, fespectively. lavertng lor the

proporbonality coefficienis for individual degrees of the
ray-theoretic model (Table 3} in Fig 17 suggests that the
dogree 2 anelactic structure faveurs o compopent of afr) in
the deeper mantle while the source region for the degree 4
and 6 structures become increasingly shalbow.

Tao further investigate the result that the structure in the
shallow mantle alone can explain helerogenoows anelastie
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retrieved attenuation :
first iteration (debias: ray theory)

2405 (355
-1.48 < &g x10" < +132

Qrary X10" = 585

200% (Sal
-156 < dg x10" < +148
Graw %10 = B85

1808 {45}
-203 < 6q x10° € +1.78
Qeeny X10" = 7.38

Flgure 1L As in Fig. 11 except that the reference velocity-model MPAIZAA and full my-theorels expressions were used o predict the

remuiming elastic bias in the desensitizad data,

slgnal, the inversion is performed for a one layer model of
alr) The layer is unconstrained in location and thickness
bui 1 restrbcted o span &t most the whole upper mantle and
al least the distapce between radinl knots in the reference
earth model, Figs 18{a) through 18(c) present the suile of
ame-laver models that nearly equalty well explain the
reteved-attenuation cocfficients. The length of the fine on
the plot indbcates the depih exient of the single layer.

Although allowed in the inversion, models in which Lhe
proportionality coefficient s below (approximately) -4
vielate the physical requirement thot the inverse gquality
factor remaln  positivel seismic waves are required o
amemsaie, The striking feature &5 that all of the mesdels
cither span or contained in the low-velocity zone, The ray
theoretic mode] of surface wave attenuation yields no values
of wir) which Fall below —i.4,
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Figure 13. The modulus of the individual degrees in the attenuation
expansion, |¥, (¢°)%{""%, as a function of period.

Examining the radial proportionality factor further, the
final inversion considers a(r) to be continuous in the sense
that an «; may be assigned at cach radial knot i in the
reference earth model. For the radially discrete para-
meterization of earth models, the integral relationship in eq.
(30) is reduced to the sum

Byt )]r Ar @1

v(r)

leading to a linear system for the discrete proportionality
constant, «;, Smoothness constraints are placed on the first
and second derivatives to supress short-wavelength structure
in a(r) that is neither supported by the signal-to-noise level
of the attenuation coefficients nor physically realistic. The
resulting function «(r) in Fig. 19 again presents the striking
feature that the source region for anelastic heterogeneity
resides in the shallow mantle (100-300 km). The inversion
of «(r) for individual degrees is a less stable operation and
cannot be confidently performed.

dai(0) = 5 Ki(r, ) a(r)
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Figure 14, The variance reduction in the desensitized data after the
first iteration as vielded by (a) modal theory and (b) ray theory. The
upper curve is the variance afforded by the reference elastic model
alone while the lower curve includes the variance reduction
provided by the addition of anelastic structure. While the
normal-mode theory yields a greater reduction near 200s, ray
theory performs better at shorter periods, probably due to the
inadequacy of the moedal-coupling scheme at higher frequencies.

We may evaluate the success of the inversion for a(r) by
comparing estimated attenuation maps with those predicted
by mapping the elastic reference model through a(r) as
presented in eq. (30) and measured by the correlation
coefficient in Fig. 20. While the correlations between the
retrieved attenuation and phase velocity are poor and
straddle zero, the correlation coefficient between the
retrieved and predicted surface wave attenuation is
significant over most of the period range of interest. Fig. 21
compares the retrieved attenuation model at 200s period
with that predicted by mapping the reference velocity model
through the proportionality constant e«(r). While the
magnitude of the attenuation is underestimated, with only
35 per cent of the variance in the attenuation coefficients
explained, the correlation coefficient is 0.69 for 28
coefficients. A proportionality constant between intrinsic
velocity and anelasticity that is dominant in the shallow
mantle is thus able to explain a significant part of the
heterogeneity in surface wave attenuation.
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Figure 15. The modulus of the individual degrees of phase velocity
as a function of period for the velocity model M84A. The
characteristically strong degree 2 transion-zone feature that is
evident in the phase velocity is absent in the attenuation models,
implying a different source region of anelastic heterogeneity.

DISCUSSION

In this section, we compare the results of this study with
previous work and examine the geodynamical implications
of our upper mantle anelasticity model. Numerous
investigations have documented large-amplitude signals
from elastic focusing (e.g. Lay & Kanamori 1985,
Woodhouse & Wong 1986), effects large enough to be seen
on raw seismograms (Fig. 1). In the extensive study by
Romanowicz (1990), the inversion for aspherical attenuation
is parameterized to solve explicitly for elastic focusing terms.
From 130 carefully selected observations, Romanowicz
corroborated Davis’s (1985) finding that the amplitude
signal from elastic focusing is comparable in size to the
signal from aspherical attenuation. The forward-amplitude
calculations in Section 3 for realistic elastic and anelastic
earth models also confirm the large elastic amplitude signal,
and the experimental results make it evident that efforts to
constrain anelasticity which neglect elastic signal are
irreparably biased.

The synthetic experiments presented in this study reveal
that, after applying the linear ray theoretic correction, the
residual elastic signal in the data can account for roughly 30
per cent of the retrieved attenuation maps. To address this
corrupting elastic signal remaining in the data, we have
explicitly predicted and removed the signal using accurate
forward theories and recent aspherical elastic models.
Romanowicz (1990) also incorporates the principles of
linearized ray theory to reduce the elastic signal, but does
not explicitly strip remaining elastic signal from the data,
citing a lack of confidence in the gradients of the current
elastic models, since elastic focusing is a function of the
second transverse derivative of the phase velocity along the
ray path. Given that the latest generation of elastic maodels,
based on an order of magnitude more data than previous
models, appear to be converging and that phase velocity
models are more robust than intrinsic velocity models since
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Figure 16. The four-layer proportionality constant «(r) scaling the
upper mantle shear velocity 1o anelasticity after the (a) zeroth
iteration and the (b) and (c) first iteration. In all of the cases, the
low-velocity zone is the dominant source region for the
aspherical-anelastic signal.

they represent the surface projection of radial structure, we
argue that it is warranted and necessary to attempt to
remove additional elastic signal in the amplitude data
explicitly using an elastic reference model. Declining to use
a reference aspherical elastic model is actually using one: a
purely spherical model. It is difficult to conceive of a
spherical elastic model being statistically superior to the
current generation of aspherical elastic models with respect
to predicting the amplitudes of surface waves.

In considering the radial distribution of anelastic
heterogeneity, Romanowicz (1990) observes a long-
wavelength correlation between high surface wave phase
velocity and low attenuation, although for the low number
of degrees of freedom in her models, the peak correlation
coefficient of —(0.5 may not be statistically significant [in a
degree 2 expansion, for instance, a correlation coefficient of
—0.5 has a 95 per cent confidence interval of (—0.82,
+0.25)]. Based on the correlation between her phase
velocity models, which have a known degree 2 source in the
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Table 3, The complex harmonic coefficients 8¢’ for the preferred model of Rayleigh-wave attenuation 8g(6, ¢, w) at
periods of 240, 200 and 160 s, The model was obtained after the first iteration in which the remaining elastic signal in
the desensitized data was removed using ray theoretic predictions. The convention of the spherical harmonic

expansion is that of Edmonds (1970).

240s (0334) 200s (9543) 160s (0557)
[1}m]| é¢rzi0® Error Resolution || §¢q"z10° Error Resolution || §¢"z10° Error Resolution
0:0 -.5056  .0684 9460 -.1822 0754 9456 1.8965 1119 9442
2:0 -.0791 1200 7942 -.5194 1326 7928 -.4598 1964 7891
211 -2677 0737 .8591 - 1877 0817 .8562 - 1111 11228 8475
3139 -.0820 8208 2336 -.0903 8212 -.5485 -.1332 8190
212 -.0965  .0833 8125 -1374 0915 8134 - 1196 1344 8122
-.6990 -.0910 7623 -.5155 -.1002 7618 -.0746  -.1480 1581
4| ¢ 3542 1368 7021 2476 1511 7009 1194 2234 BoTT
4|1 -.3220  .0938 7515 -4115 1037 7482 -.3519  .1543 7389
4410 -.0969 8914 2316 -.1066 .6936 2255  -.1567 6961
412 1027 L0878 7907 2319 .0969 7905 6310 .1432 7882
2457  -.0975 6849 -0390 -.1077 .6834 -.4928 -.1592 .6849
413 -.2578  .0920 7562 -.2539  .1012 7572 -A671 1450 7559
1780 -.0966 7019 2084 -.1067 70131 2319 -.1582 6934
414 0205 .1027 6490 1804 (1132 .6529 -.0604 1667 6567
1444 -.1000 6861 3070 1101 6871 6330 -.1620 6857
6|0 4675 1445 6490 3369 1596 .6459 -4110  .2360 6374
6|1 0258 .0992 6967 -.0560 .1097 6932 4461 1627 6846
3810 -.1045 6143 3482 -.1151 6183 1746 -.1696 6271
612 1794 1006 6721 2236 1111 6709 2183 1644 6668
0087 -.1024 5781 -.0861 -.1128 5782 -.4463 -.1658 5750
6|3 1647 .0980 7058 3709 1080 7071 8025 1592 7080
-.1746 -.0970 7196 -.4024 -.1069 ST -.5480 -.1582 7091
6| 4 -.2456  .0993 6665 -.0445 1094 6657 -.0446 1612 6629
0034 -.1000 BT65 171 -.1102 6768 -.2095 -.1626 6713
6|5 4487 1012 6663 23955 1115 6680 3017 L1645 6681
-.3507 -.1030 6553 -4701 -.1137 .6524 -.0287 -.1680 6443
6|6 1538 1075 5657 0972 (1186 5709 -.2824 1743 5788
3830 -.1058 5869 3516 -.1167 .5866 7695 -.1720 5831
mid-upper mantle (250-500 km), and the attenuation material just below its solidus temperature (OQ’Connell and

madels, she concludes that the source region of elastic and
anelastic heterogeneity are identical. In contrast, the
correlation between the degree 6 surface wave attenuation
models of this study and phase velocity models cannot be
confidently distinguished from zero. However, phase
velocity and attenuation are depth-integrated functions of
intrinsic structure and share the same sensitivity kernels. If
they are not well correlated, the implication is that the
source region of elastic and anelastic heterogeneity are at
different depths, From the inversion for the radial
proportionality constant between intrinsic velocity and
anelasticity (Section 6), the prominent anelastic signal
resides in the shallow mantle (100-300km). While we do
not rule out lateral vatiations in  in the upper mantle
below 400 km, they are not required at the level at which we
are fitting the data. Thus, the dominant anelastic
heterogeneity signal emanates from a shallow source region
corresponding roughly with the low-velocity region of
PREM.

The decrease in velocity and attenuation in the shallow
mantle has been shown to be consistent with both the
presence of a small percentage of partial melting and a

Budianski 1977, Shankland, O’Connell & Waff 1981).
O’Connell & Budianski (1977) have demonstrated that fluid
flow in cavities introduces an additional mechanism for
dissipation, leading to a material in which attenuation is
essentially frequency independent. If seismology is confi-
dently able to distinguish the frequency dependence of 0 in
the low-velocity zone relative to the general mantle, the
question of partial melt could be resolved. O’Connell &
Budianski (1977) also demonstrate that a sharp boundary
definition of the low-velocity zone would argue for the
presence of partial melt. However, recent studies have
discounted a global discontinuity at 220km (Shearer 1991)
and found it to be an an irregular feature generally observed
only below continents {Revenaugh & Jordan 1991; N.
Pavlenkova, personal communication).

Combining laboratory and seismic measurements, Sato ef
al. (1988) demonstrate that velocities decrease markedly
beyond the solidus temperature but vary weakly at
subsolidus temperatures, although sufficiently to explain the
low-velocity region without appealing to partial melting, In
contrast, the quality factor is a relatively uniform function of
temperature across the solidus boundary, but is more
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Figure 19. The smooth proportionality constant a(r) for the
retrieved anelasticity after the first two iterations. The dominant
source region of anelastic signal is the low-velecity zone.

strongly sensitive to temperature variations below the
solidus than velocity (Sato er al 1988). Given that lateral
velocity variations in the low-velocity zone are comparable
in size to those of the surrounding mantle, the results of this
study, which show anomalously strong anelastic heteroge-
neity in the low-velocity zone, appear most consistent with a
matertal which lies near, but below, the solidus temperature,

CONCLUSIONS

In this study, we have utilized an unbiased datum
constructed from surface wave amplitude anomalies to
constrain even-degree heterogeneity in surface wave
attenuation. The retrieved attenuation models, in Figs 8-11,
reveal that the inverse quality factor ' varies by roughly
30 per cent for Rayleigh waves at a period of 200s.

This study has provided a preliminary understanding of
the geometry and radial distribution of intrinsic anelasticity
in the upper mantle, but further work is required in
increasing and refining our knowledge of intrinsic anelastic
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Figure 20. Phase velocity and surface wave attenuation are poorly
correlated as demonstrated in (2) in which the correlation
coefficient straddles zero. Fig. (b} demonstrates the high correlation
between the retrieved-attenuation models and the predicted
attenuation obtained by mapping shear velocity model MB84A
through a(r). The brackets denote the 95 per cent confidence
interval.

structure. As a possible continuation of the technique here,
the surface wave attenuation maps obtained in this study
may be fixed and the residual signal inverted for refinements
to the elastic models, representing the next step in a larger
iterative problem. A preferable approach for future studies
will combine phase and amplitude information in a
simultaneous inversion for elastic and anelastic structure
using partial derivative matrices which are sensitive to odd
degree structure.
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