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Constraining the frequency dependence of intrinsic seismic attenuation in the Earth is crucial for: 1.
correcting for velocity dispersion due to attenuation; 2. constructing attenuation and velocity models of the
interior using datasets with different frequency contents; and, 3. interpreting lateral variations of velocity
and attenuation in terms of temperature and composition. Frequency dependence of attenuation q can be
represented by a power law q∝q0ω–α. Despite its importance, efforts at determining α from surface wave
and free oscillation data have been thwarted by the strong tradeoffs between the depth- and frequency
dependence of attenuation. We develop and validate a new method that eliminates this tradeoff, allowing a
direct estimation of effective frequency dependence of attenuation without having to construct a new depth-
dependent model of attenuation. Using normal mode and surface wave attenuation measurements between
80 and 3000 s, we find that α varies with frequency within the absorption band. It is 0.3 at periods shorter
than 200 s, it decreases to 0.1 between 300 and 800 s, and becomes negative at periods longer than 1000 s.
normal modes

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

As they propagate through the Earth, seismic waves experience
attenuation and dispersion resulting from microscopic dissipative
processes operating at a variety of relaxation times. These dissipative
effects can be summarized by the macroscopic quantity q=−ΔE/
2πEmax, where ΔE is the internal energy lost by a seismic wave in one
cycle. This quantity can be related to the often-used quality factor Q
through q≡(1/Q). The Earth acts as an absorption band (e.g.
Anderson, 1976) and attenuation depends on the frequency of
oscillation. Within the absorption band, attenuation is relatively
high and does not strongly depend on frequency. Outside the band,
attenuation rapidly decreases with frequency. Since the relaxation
times of the dissipative processes giving rise to the absorption band
might strongly depend on pressure and temperature, the frequency
bounds of the band can change with depth (e.g. Anderson and
Minster, 1979; Minster and Anderson, 1981; Anderson and Given,
1982). Within the absorption band, the frequency dependence of q
can be described using a power law, q∝ω–α, with a model-dependent
α, usually thought to be smaller than 0.5 (e.g. Anderson and Minster,
1979).

In the past few years, three new models of 3-D variations in upper
mantle attenuation have been developed (Selby and Woodhouse,
2002; Gung and Romanowicz, 2004; Dalton and Ekström, 2006),
offering the promise of clarifying the origin (thermal versus chemical)
).

ll rights reserved.
of lateral heterogeneities. Yet, knowing the value of α within the
absorption band is required for interpreting lateral variations in
attenuation in terms of temperature. It is also one of the governing
parameters for interpreting observed lateral variations in seismic
velocities. Matas and Bukowinski (2007) proposed a self-consistent
attenuation model based on solid state physics and showed that
anelasticity can substantially enhance seismic anomalies due to high
temperature (by ~30%), thus confirming earlier observations of
Romanowicz (1994). It is important to note that interpreting
attenuation in terms of temperature and predicting its effects on
seismic anomalies is only reasonable if the contribution of scattering is
small compared to that due to intrinsic anelastic processes.

A non-zero α implies that seismic waves of different frequencies
are differently attenuated, and accordingly modifies the velocity
dispersion relation. This has three important consequences: 1)
because oscillations at different frequencies can have very different
depth sensitivities to elastic and anelastic properties of the Earth, the
value of α affects the construction and interpretation of such profiles.
In particular, the lower mantle q is mostly constrained by low-
frequency modes and is thus not directly comparable to q obtained
from high-frequency modes, which sample the upper mantle. A single
radial attenuation profile is only relevant if α=0; 2) because the
frequency content of different attenuation measurements can differ,
combining these datasets requires accounting for the effect of α. For
instance, if α=0.3, then q varies by a factor of two in a dataset
including periods between 50 s and 5 s; 3) because geophysical
datasets used to constrain Earth structure have very different
dominant frequencies, using them together requires applying a
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dispersion correctionwhose functional form is different for a non-zero
α than it is under the assumption of frequency-independent
attenuation (Minster and Anderson, 1981).

Efforts at determining α of the mantle have followed three
approaches: theoretical studies, laboratory experiments and seismo-
logical observations. Theoretical investigations have focused on
explaining the origin of the absorption band and incorporating
models of likely relaxation mechanisms developed using solid state
physics. Liu et al., (1976) and Kanamori and Anderson (1977)modeled
the absorption band for a standard linear solid as a superposition of
relaxation mechanisms, whose combined effects resulted in a
frequency-independent q within the absorption band. Minster and
Anderson (1981) applied insights from solid state physics to suggest
that, for dissipation dominated by dislocation creep, αN0 within the
absorption band. Building on this work, Anderson and Given (1982)
developed an absorption band model of the Earth in which the effects
of pressure and temperature on the underlying relaxation mechan-
isms caused the frequency bounds of the band to change with depth.

Despite observational and experimental advances, no clear con-
sensus concerning the value of mantle α has emerged over the past
25 years. Nevertheless, theoretical predictions of αN0 have been
systematically confirmed in various laboratory studies. In their review
paper, Karato and Spetzler (1990) argued that its value lies between
0.2 and 0.4. Amore recent review by Romanowicz andMitchell (2007)
identifies a number of studies that collectively constrain α to the 0.1–
0.4 range. On the laboratory front, Jackson et al., (2005) obtained α of
0.28±0.01 for a fine-grained olivine sample at a pressure of 300 MPa
and temperature of 1200 °C. Relating laboratorymeasurements to α in
the real mantle, however, is not straightforward, due to uncertainties
in extrapolating laboratory measurements to actual mantle materials
under high-pressure and high-temperature conditions prevailing in
the mantle.

On the other hand, seismological efforts at constraining globally-
averagedαwithin the absorption band have benefited from numerous
measurements of surface wave or normal mode attenuation. Yet,
although attenuation measurements of nearly 250 individual modes
are currently available from the website of the Reference Earth Model
project (http://mahi.ucsd.edu/Gabi/rem.html, see Fig. 1), the deter-
mination of α has been confounded by the fact that oscillations at
Fig. 1. Left: Attenuation measurements for the spheroidal fundamental mode branch (com
mode analysis (plusses) show attenuation values 15–20% smaller than corresponding surfa
(Masters, personal communication) transitions smoothly from values more consistent with n
at higher frequencies.
different frequencies can have very different depth sensitivities to
elastic and anelastic properties of the Earth. As a result of this tradeoff
between frequency and depth effects, radial variations of attenuation
can obscure the α signal. The only studies attempting to obtain α
within the absorption band have found α ranging from 0.1 to 0.3 while
emphasizing the lack of resolution on the inferred values (Anderson
and Minster, 1979; Anderson and Given, 1982; Smith and Dahlen,
1981). More recent studies (e.g. Shito et al., 2004; Cheng and Kennett,
2002; Flanagan and Wiens, 1998) have relied upon analysis of body
waves to argue for values of α in the 0.1–0.4 range. However, these
studies were restricted to frequencies higher than 40mHz andwere of
regional character, leaving unanswered the question of the average
mantle α.

A further complication in determining the frequency dependence
of attenuation from seismic data arises from the discrepancy between
attenuation measurements of spheroidal modes carried out using a
propagating (surface) wave and those using a standing wave (normal
mode) approach. As can be seen in Fig. 1, surfacewave studies indicate
attenuation values that are higher by about 15–20% than normalmode
measurements of the same frequency. This discrepancy is not present
in the toroidal modes. The origin of the discrepancy has not yet been
determined. Durek and Ekström (1997) argued that noise can bias
normal mode measurements toward lower attenuation values by up
to 5–10%, Masters and Laske (1997) pointed to difficulties in choosing
an appropriate timewindow for long-period surfacewaves as a reason
for favoring normal mode measurements. A more recent study by
Roult and Clévédé (2000) based on a detailed analysis of measure-
ment techniques and associated errors argues that the normal mode
measurements are the more reliable. Yet, their analysis is far from
being complete (Romanowicz andMitchell, 2007), and the question of
which set of measurements is more representative of the Earth's
attenuation remains open. The compilation of attenuation measure-
ments used in this study (Masters, personal communication) relies on
careful windowing and a multi-taper approach in order to achieve a
smooth transition from the normal mode values at lower frequencies
to surface wave values at higher frequencies (see Fig. 1).

In light of the data uncertainties and the strong tradeoff between
the depth- and frequency dependence of attenuation, seismic studies
routinely focus on modeling the depth dependence of attenuation
pilation from http://mahi.ucsd.edu/Gabi/rem.html). Measurements based on normal
ce wave-based measurements (circles). Right: The data compilation used in this study
ormal mode analyses at low frequencies to values consistent with surface wave analyses
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(e.g. Anderson and Hart, 1978; Dziewonski and Anderson, 1981;
Masters and Gilbert, 1983; Widmer et al., 1991; Durek and Ekström,
1996)). In other words, they assume that, within the seismic band, α
cannot be resolved and thus implicitly rely on the frequency-
independent attenuation model of Kanamori and Anderson (1977).
Anderson and Given (1982) created the only model of both the
frequency and depth dependence of attenuation by relating them
through a physical model of the underlying relaxation mechanisms.
The exact nature of mantle relaxation processes is, however, still
debated (e.g. Jackson and Anderson, 1970; Karato and Spetzler, 1990).
In this paper, we develop and apply a new method based on the
standard analysis of Backus and Gilbert (1970) that allows us to
separate the effects of the radial q profile from those due to frequency
dependence of q as described by α. Therefore, we are able to eliminate
the tradeoffs present in previous studies and to focus on determiningα
without having to construct a new radial q profile or a full absorption
band model of attenuation in the mantle. Our method also makes it
possible to move beyond the assumption of frequency-independent
attenuationwithout relying onmodel-dependent physical constraints,
as (Anderson and Given,1982) had done. Inwhat follows, we carry out
a suite of synthetic tests which explore the characteristics of the
available attenuation measurements. We also attempt to extract α
from available long-period seismic attenuation data.

2. Method

Weheremodify the standard analysis of the resolution provided by
a set of measurements (Backus and Gilbert, 1970), which has been
recently applied to the study of radial density resolution within the
Earth (Masters and Gubbins, 2003). Our goal is to adapt this analysis
in order to extract the signal of frequency dependence of seismic
attenuation.

We can relate a mode attenuation measurement q to material
properties within the Earth via sensitivity (Fréchet) kernels Ku and Kκ

(e.g. Dahlen and Tromp, 1998):

q =
Z R

0
dr κ0qκKκ + μ0qμKμ

� �
; ð1Þ

where R is the radius of the Earth, κ0 and μ0 are the reference radial
profiles of bulk and shear moduli, and qκ and qμ are values of radial
bulk and shear attenuation. In this study we use either PREM
(Dziewonski and Anderson, 1981) or ak135 (Kennett et al., 1995) as
the elastic, and QL6 (Durek and Ekström,1996) or QM1 (Widmer et al.,
1991) as the attenuation reference profiles. We calculate the relevant
frequencies of oscillation and sensitivity kernels Kμ and Kκ using a
modified MINOS (Woodhouse, 1998) code (Capdeville, personal
communication). The results of our analysis are valid insofar as the
deviations of q from the reference profile remain sufficiently small to
not affect the kernels themselves.

All the quantities in the integrand of Eq. (1) are functions of radius.
We proceed to discretize themwith respect to radius, so that they can
be written in vector form, e.g. Kμ(r) becomes Kμ. For the frequency
range considered in this study, we verify that the discretization is
sufficiently dense.

It is important to observe that the sensitivity kernels of funda-
mental modes with similar frequencies are very similar. Therefore,
existing q datasets are likely to be highly redundant (Masters and
Gilbert, 1983). We seek to exploit this redundancy and divide modes
into a low and high-frequency bin, denoted by superscript l and h,
respectively. Each linear combination of Fréchet kernels of modes in
each bin defines a new “hyperkernel”:

Hlow
μ;κ =

XNl

l=1

γlKl
μ;κ and Hhigh

μ;κ =
XNh

h=1

γhKh
μ;κ ; ð2Þ
where Nl and Nh are the number of modes in each bin, and the
subscripts μ and κ denote that the kernels refer to either shear or bulk
attenuation. Though called averaging kernels by Backus and Gilbert
(1970), we have dubbed them “hyperkernels” to stress their
usefulness for separating the effects of the depth dependence of
attenuation from its frequency dependence.

Each particular choice of γl and γh will yield hyperkernels with
different depth sensitivities. Therefore, by requiring that γl and γh

yield hyperkernels with identical sensitivities to the radial attenuation
profile, it is possible to remove the tradeoff between depth- and
frequency dependence of attenuation measurements. Since we focus
on the effective α in the mantle, we also seek to eliminate the
contamination from the inner core while averaging mantle structure.
We do this by requiring the hyperkernels to be zero in the core while
providing maximally uniform sensitivity in the mantle. In order to
eliminate the contribution from poorly-constrained mantle bulk
attenuation, we seek hyperkernels that are insensitive to qκ. These
three coupled constraints can be written as:

Hhigh
μ = Hlow

μ and Hhigh
μ = Hlow

μ = b and Hlow
κ = Hhigh

κ = 0 ð3Þ

where b is unity in the mantle and zero elsewhere. While the first
constraint is paramount, the others cannot be satisfied exactly and
require the introduction of a damping parameter, λ1. In light of Eq. (2),
we write these conditions in condensed matrix notation as P·Γ=B or
as:

Kl
μ −Kh

μ

λ1K
l
μ 0

0 λ1K
h
μ

Kl
κ 0

0 Kh
κ

0
BBBBBBBBBB@

1
CCCCCCCCCCA

γl

γh

 !
=

0
λ1b
λ1b
0
0

0
BBBB@

1
CCCCA: ð4Þ

The damping parameter λ1 allows us to select among all
combinations of nearly-identical hyperkernels those that have zero
sensitivity to qκ and inner core qμ. Ideally, our hyperkernels would
only use modes whose attenuation measurements have the smallest
published uncertainties. Therefore, we seek γl and γh that minimize
the squared misfit:

S = B − P · G + λ2V · I; ð5Þ

where V is a vector containing published variances of the q
measurements of individual modes in both bins, [νl, νh], and λ2 is a
constant that sets the importance of the constraint on minimizing the
resulting uncertainties.

To each hyperkernel corresponds a q value, which is a weighted
average of the q measurements of its constituent normal modes:

qlow =
XNl

l=1

γlql and qhigh =
XNh

l=1

γhqh: ð6Þ

Furthermore, if we assume that the uncertainties in the attenua-
tion measurements of the low and high-frequency modes are
uncorrelated, we can directly relate variances ν (ν≡σ2) in the mode
q measurements to uncertainties in qlow and qhigh via

mlow =
XNl

h=1

γlmlγl and mhigh =
XNh

h=1

γhmhγh
: ð7Þ

Since the two hyperkernels have identical sensitivity to radial
attenuation structure but differing frequency content, differences in
qlow and qhigh can be attributed to frequency dependence of



Table 1
The four choices of upper and lower bounds on low and high-frequency bins used in this study.

Low-frequency bin High-frequency bin

Upper bound Lower bound Number of modes Upper bound Lower bound Number of modes

(s) (s) (s) (s)

A 3231 600 35 600 10 168
B 3231 700 26 700 500 23
C 700 500 23 400 200 70
D 400 200 70 200 10 58

For each bin, the number of modes with available measurements is also listed.
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attenuation. These effects of frequency dependence can be accounted
for by projecting the individual mode q's to a reference value q0 using:

q0i
= qi

ωi

ω0

� �α
: ð8Þ

In the absence of systematic measurement error, qlow and qhigh will
be reconciled at the reference frequency for the value of α that
corresponds to the effective α of the mantle. Note that this correction
for the effects of frequency dependence must also be applied to
variances V, and therefore affects the misfit function and through it
the retrieved coefficients, γ.

For each test value of α we can use the uncertainty on the q
measurement of the hyperkernels (i.e. νlow and νhigh) to calculate the
probability that the qlow and qhigh can be considered identical at the
reference frequency. Since the q of each hyperkernel can be
represented by two Gaussian probability density functions (PDFs)
with means qlow and qhigh and variances νlow and νhigh, we seek to
calculate the likelihood that sample q values drawn at random from
these two PDFs can be considered identical. The PDF that describes the
difference between the two random samples is described by a
Gaussian of mean qlow−qhigh and variance νlow+νhigh. In addition
to measurement uncertainty, the damping contributes to the
uncertainties of qlow and qhigh by preventing the two hyperkernels
from being identical. We restrict this uncertainty to be small by
requiring that the attenuation values predicted by the two hyperker-
nels for an identical radial attenuation profile are within 3% of one
another. This is why we consider qlow and qhigh to be reconciled by a
test value of α if their difference is less than 3%. The value of 3% was
found to be the most stringent value that could be satisfied for a large
range of damping parameters.

Having calculated the probability that a trial α value reconciles
qlow and qhigh, we can proceed to conduct a search for an optimal value
of α which would maximize this probability. For the particular choice
of damping parameters λ1, and λ2 used in constructing the
hyperkernels, this optimal α value is taken to be the measurement
of effective mantle α.

3. Results

3.1. Method validation

Armed with a method which has the potential to separate the
depth- and frequency dependence of attenuation, we first proceed to
quantify its α-resolving power. At the same time, we investigate
whether the existing normal mode attenuation measurements are
sufficiently numerous and precise for constraining α. To this end, we
perform a series of synthetic tests in which we generate q values of
modes whose attenuation has been measured. We assume the radial
attenuation profile QL6 together with PREM elastic structure, because
the QL6 model fits the Earth-orbiting surface waves better than the
attenuation structure of PREM. We adopt a depth-invariant α value of
0.3 throughout the mantle and assume frequency-independent
attenuation, i.e. α=0, in the inner core. To each synthetic mode q
we assign the same variance ν as that of the corresponding real
measurement. Generated q's and the corresponding kernels Kμ,κ are
then distributed within two distinct frequency bins. There are, of
course, multiple choices for the frequency content of each bin. Table 1
specifies the frequency content and number of modes with available
measurements for the four different binning schemes used in this
study.

In order to find the most likely α value, we explore α values
between−1 and+1 subject to a range of damping parameters λ1 and
λ2 from 10−4 to 1 and from 10−6 to 10−2, respectively. The values of
λ1 and λ2 have to be small in order to ensure that the hyperkernels
have identical shape. Fig. 2 (top row) shows the retrieved effective α
for the four different binning schemes (labeled from A to D), with
warm colors indicating higher probabilities than the cool colors. For
all binning choices, the greatest likelihood is in excellent agreement
with the initial value of α regardless of the value assigned to the
damping parameter λ2, which controls the resulting variance. We
stress that the retrieved likelihoods are stable over a large range of
damping parameters λ1 and λ2. Based on Fig. 2, we conclude that the
number and precision of existing attenuation measurements are
indeed sufficient to retrieve accurately the frequency dependence of
attenuation.

As expected, the uncertainty on the α measurement decreases as
the variance damping λ2 increases. But, values of λ2 that are too large
can result in significant differences between hyperkernels and
contaminate the extracted value of α. Note that in the case of the
choice D (high-frequency bins), the uncertainty of the retrieved α is
considerably larger than in the case when lower frequency modes are
included. This is because the higher frequency overtone attenuation
measurements are generally less precise than the measurements
made at lower frequencies. The blanked areas correspond to situations
when the difference in the hyperkernels exceeded 3%.

The hyperkernelsHμ
low andHμ

high corresponding to schemes A–D are
plotted in Fig. 2 (bottom row). The hyperkernels are almost
indistinguishable (the difference is less than 3%) and they vanish in
the core. As for the hyperkernelsHκ

low andHκ
high, they remain negligible

throughout thewhole Earth. Peak of the sensitivity with depth reflects
the frequency content of the corresponding binning schemes; while
lower frequencymodes sample the entiremantle (A and B), the higher
frequency ones only sample shallower regions (C and D).

We have also tested other binning schemes (not listed in Table 1)
and other values of input α, and our method consistently retrieves the
correct α value. Changing the bounds of the frequency bins results in a
different population of modes in each bin. As a result, the optimized
hyperkernels may change as may the uncertainties on the α
measurement. When the frequency contents of the two hyperkernels
are made to be very different, the problem of finding a linear
combination of mode sensitivities that will satisfy the three
constraints of Eq. (3) becomes more difficult. At the same time,
hyperkernels with frequency content that is too similar have difficulty
resolving the effects of frequency dependence of attenuation, as
observed in panel D of Fig. 2.



Fig. 2. Top row: The retrieved α likelihoods for a synthetic dataset with input α=0.3 for the four different binning schemes (A, B, C, D) detailed in Table 1. Warm colors indicate
greater likelihoods than cool colors. The retrieved α is in excellent agreement with the input value, and it is independent of λ2. Bottom row: The hyperkernels associated with the four
binning schemes for λ1=0.01 and λ2=4.10−4. Hκ

low,high are nearly zero everywhere in the Earth, and Hμ
low,high have no sensitivity to inner core structure and nearly-identical

sensitivity in the mantle.
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3.2. Effective α in the mantle

Having validated our approach, we apply our methods to the real q
measurements. We use a compilation of original measurements and
published data provided by (Masters, personal communication). Fig. 3
(top row) shows the retrieved α likelihoods for the same binning
schemes listed in Table 1. The retrieved α likelihoods are characterized
by strikingly different trends than those extracted from our synthetic
tests that assumed a frequency- and depth-independent α. When all
available measurements are used (binning scheme A), the most
prominent characteristic is a systematic increase of retrieved α with
increasing λ2. Highest likelihoods are reached at a zero value of
effective α in the mantle. Analysis of the lowest-frequency measure-
ments (binning scheme B) accentuates this trend, while indicating a
negative value of effective α When modes of intermediate frequency
are used (binning scheme C), the character of the retrieved α
likelihoods changes significantly. The most likely effective α in this
frequency range is 0.1, and is largely independent of the value of λ2.
Moving onward to the highest available frequencies (binning scheme
D), the most likely α values are positive, lingering around a value of
0.3, but suffering from large uncertainties.

These systematic changes in behavior of retrieved α are clearly
incompatible with a constant αmodel, regardless of its absolute value.
Therefore, neither the usual assumption of frequency-independent
attenuation often used in seismology (e.g. Dziewonski and Anderson,
1981; Kanamori and Anderson, 1977), nor the constant non-zero α
models suggested by laboratory studies (Jackson et al., 2002), allow us
to explain the observations. In fact, Fig. 3 strongly suggests that α
varies with frequency within the absorption band. In particular,
mantle α appears to be negative at periods longer than 1000 s,
transitioning to a small positive value in the period range ~1000–
700 s, and increasing again at periods shorter than 500 s. It is
important to realize that noise in the attenuation measurements
might introduce artifacts in the retrieved α signal. However, the
observed systematic behavior is likely to be a robust feature.
3.2.1. Frequency dependence of α
In order to better constrain the variation of effective α with

frequency, we perform a series of forward-modeling exercises. We
start by allowing a single jump in α from negative to positive values, i.e.
we assume that at long periods q increases with increasing frequency,
while at short periods, q decreaseswith increasing frequency.We create
several dozen trial models by varying the frequency position and
magnitude of the jump. Each of these models is used to calculate a
synthetic dataset, which is then analyzed in the sameway as the actual
measurements.We find that nomodelwith a single jump inα is capable
of capturing the complex character of the retrieved α shown in the top
row of Fig. 3. Nevertheless, models inwhichα transitions from negative
to positive in the ~1000–400 s period range reproduce the character
observed in the data better than any constant α model.

Allowing for a more complex frequency-dependent character of α,
we fashion a set of trial models characterized by jumps in α at two
different frequencies. Given uncertainties in the attenuation measure-
ments and thepossibly complex behaviorofmantleα, no singlemodel is
likely to explain all the features present in Fig. 3 (top row). However, we
find that a model in which α changes from a value of −0.4 at periods
longer than 1000 s, to avalueof 0.1 in theperiod range 300–800 s, before
changing to 0.3 at periods shorter than200 s, reproduceswell theoverall
features present in the data (see bottom row of Fig. 3). Our preferred
model is shown in Fig. 4 and it is compared with laboratory studies and
the frequency-independent assumption. Since our study did not
constrain the value of q–1, we have assumed that the high-frequency
corner occurs at 1 Hz where q–1 is 600 (Sipkin and Jordan, 1979) in
constructing the figure. Of course, our preferred model of α should be
viewed as an example of a set of possible models, which must share its



Fig. 3. Top row: The retrieved α likelihoods for actual attenuation measurements binned according to the four different schemes (A, B, C, D) listed in Table 1. Warm colors indicate
greater likelihoods than do cool colors. Bottom row: Similar overall behavior is obtained from synthetic q values generated using our preferred model of frequency-dependent q (see
text).
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distinguishing features: a negativeα at periods longer than1000 s, and a
positive and increasing α at shorter periods.

3.2.2. Depth dependence of α
In order to investigate possible depth dependence of α, we have

fashioned hundreds of models in which we allow α to vary with both
frequency and depth. In these models, α=−1 at periods longer than
Fig. 4. Preferredmodel (solid line) of frequency dependence of attenuationwithin the absorp
frequency-independent assumption (dashed line). In our model, α is approximately 0.3 at pe
negative (−0.4) at periods longer than 1000 s. We assume that the high-frequency corner oc
important to emphasize that we constrain the value of α and not of q−1.
a prescribed critical period Tc, whereas it is allowed to take on values
between 0.0 and 0.3 at periods shorter than Tc. We then allow Tc to
vary between 1000 s and 400 s in three different regions of the
mantle: the upper mantle, transition zone, and lower mantle. None of
the explored models fits the data as well as the preferred model
shown in Fig. 4; they are particularly inadequate in capturing the
character of the high-frequency data seen in panel D of Fig. 3.
tion band comparedwith constraints from laboratory studies (hachured region) and the
riods shorter than 200 s, decreasing to 0.1 in the period range 300–800 s, and becoming
curs at 1 Hz where q−1 is 600, past which frequency α is 1 (Sipkin and Jordan,1979). It is



Fig. 5. The effect of α on attenuation measurements can be significant. The solid line
represents the attenuation values predicted by QL6. If we consider these predictions as
representative of the q structure at a period of 200 s, then values of α of 0.1 and 0.3
would result in q values indicated by the dashed and dotted lines, respectively. The
effect obtained in the same fashion but using our preferred model of α is delineated by
triangles. Note that the signal of frequency dependence of attenuation can be
significantly larger than the discrepancies between the normal mode and surface
wave measurements shown in Fig. 1.
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Nevertheless, the subset of the explored models that is capable of
explaining the low-frequency features (panels A, B and C of Fig. 3) has
Tc=1000 s and α=0.1 at periods shorter than Tc at all depths.

Because of the shape of the hyperkernels used in this study, our
method is only weakly sensitive to α and Tc values in thin layers, such
as the transition zone and D″. Indeed, because forward-modeling tests
indicated that our sensitivity to the D″ region was nearly negligible,
we have not parameterized it as distinct from the lower mantle. This
lack of sensitivity implies that even though none of the models in
which Tc or α varied significantly with depth were able to reproduce
the behavior observed in Fig. 3, we cannot rule out smaller variations
in Tc, or even significant variations within thin layers such as D″.

For completeness, one might consider models inwhich the value of α
is the same belowand above Tc, which corresponds to amodel inwhichα
varieswith depth but not frequency. However, this class ofmodels has not
beenconsideredasaplausible solution toexplain theavailableattenuation
measurements. Such a frequency-independent model would require
negative α values across a wide range of frequencies in large sections of
themantle in order tomatch the characteristics observed in the top rowof
Fig. 3. Such behavior has been suggested byneither theoretical studies nor
by experiments, and is thus highly unlikely.

We note that these results are robust across different reference
Earth models. The character of the retrieved α likelihoods remains
largely unchangedwhen ak135 (Kennett et al., 1995) is used instead of
PREM (Dziewonski and Anderson, 1981). Using the QM1 (Widmer
et al., 1991) radial profile of attenuation instead of QL6 (Durek and
Ekström, 1996) similarly only marginally affects the retrieved like-
lihoods, confirming the fact that our method allows us to constrain α
independently of the radial attenuation profile. Of course, using
inappropriate reference models can result in sensitivity kernels
sufficiently different from those corresponding to the actual measure-
ments to obliterate the sought-after α signal.

4. Discussion

We have devised a method capable of separating the frequency
dependence of attenuation from its depth dependence. After validat-
ing our method on a synthetic dataset, we demonstrated that the
number and precision of existing attenuation measurements are
sufficient for constraining α. Applying the approach to actual
attenuation measurements of free oscillations and surface waves
spanning the period range 3200 s–50 s, we observed that effective α is
likely to be frequency dependent. Specifically, α is negative at periods
longer than 1000 s and positive and increasing from approximately 0.1
to 0.3 at shorter periods (see Fig. 4). This conclusion runs against both
the assumption of frequency-independent attenuation often used in
seismology, and the constant, positive α model suggested by
laboratory studies (Jackson et al., 2005).

Having constrained α and its frequency dependence, we explored
a large set of models inwhich α variedwith both frequency and depth.
Our tests were motivated by the expectation that α in the Earth
depends on both frequency and depth, since the pressure- and
temperature dependence of the activation enthalpy of the relaxation
mechanisms giving rise to the absorption band may induce a shift in
its frequency extent with depth (Jackson and Anderson, 1970;
Anderson and Minster, 1979; Minster and Anderson, 1981; Anderson
and Given, 1982). Despite this expectation, we were unable to observe
any significant variation of α with depth.

Our frequency-dependent model of α is physically plausible, and was
suggested by the pioneering study of Anderson and Given (1982) who
constructed a mantle attenuation model (ABM) in which the frequency
location of the absorption band changed with depth. While the ABM
predicted positive α values in the midmantle for all frequencies
considered in our study, their upper and lowermost mantle regions
were characterized by negative α values at periods longer than 1000 s.
This is consistent with our findings. Further direct comparisons between
ourpreferredmodel and theABMarenot straightforward, sinceAnderson
andGiven (1982)modeled both the depth- and frequency dependence of
attenuation, whereas the novelty of our approach rests in its ability to
constrain the frequency dependence of attenuation independently of its
radial profile.Wehave also re-analyzed the dataset used byAnderson and
Given (1982) usingourmethod, and found that thenumber andquality of
the measurements available to them were insufficient for a reliable
estimation of α. Indeed, Anderson and Given (1982) noted the lack of
resolution of α and used only modes sensitive to the midmantle in order
to constrain its value at 0.15. Both our novel approach and the dramatic
improvement in the precision and number of available attenuation
measurements – we use twice as many as were available a quarter-
centuryago–hasmade it possible to constrain the complex character ofα
in the mantle in a way that was unavailable when ABM was created.

In addition to being physically plausible, our preferred model of
frequency dependence of attenuation is consistent with earlier studies
that have relied upon body waves and have focused on higher
frequencies (see Fig. 4). A number of studies (Ulug and Berckhemer,
1984; Cheng and Kennett, 2002) looking at S/P ratios at frequencies
greater than 40 mHz have argued for α values in the 0.1–0.6 range.
Shito et al. (2004) used continuous P-wave spectra to constrain α
between 0.2 and 0.4 at periods shorter than 12 s, while Flanagan and
Wiens (1998) found that an α value of 0.1–0.3 was needed to reconcile
attenuation measurements on sS/S and pP/P phase pairs in the Lau
basin. Unlike these studies, however, our model of α relies upon data
that provide more uniform global coverage, and, therefore, ought to
more closely approximate the α representative of the average mantle.

A non-zero value of α carries important implications for the
construction of radial profiles of attenuation. Efforts at determining
the radial profile of attenuation in the Earth have routinely assumed
that attenuation is frequency independent (e.g. Dziewonski and
Anderson, 1981; Durek and Ekström, 1996). The resulting models
have, therefore, mapped the signal of frequency dependence of q into
its depth profile. The extent to which neglecting the frequency
dependence of α contaminates the true depth profiles of q can be
probed by comparing the magnitude of the variation in measured
values of q to the variation expected for different values of α. Such a
comparison is attempted in Fig. 5, which shows the effects that α can



Fig. 6. Accounting for the effects of frequency dependence of attenuation is crucial for
velocity dispersion corrections. The solid line represents the Vsv profile of PREM in the
top 600 km of the mantle at the reference period of 1 s. By taking the PREM shear
attenuation structure to be appropriate at 200 s (since it is derived from normal mode
attenuationmeasurements) and a value of α, we can account for velocity dispersion due
to attenuation. We calculate Vsv at a reference period of 200 s using α=0 (dash–dotted
line) and α=0.3 (long-dashed line). Assuming that α=0 substantially overestimates
the velocity dispersion, as pointed out by Anderson and Minster (1979). The difference
between the profiles with different α values are similar in magnitude to those between
different models of Earth's 1D velocity structure, such as ak135 (dotted line) and PREM.
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have on attenuation measurements; for our preferred model, the
effects of α on attenuation can be very significant. Therefore, we
expect that the existing radial profiles of attenuation are likely to be
contaminated, and that they should not be used as-is to constrain the
thermochemical state of the Earth's interior. Nevertheless, if these
models are to be used solely for modeling the effects of Earth structure
on seismic waves, then mapping the frequency dependence of
attenuation into its radial profile is not a problem.

The dependence of intrinsic attenuation on temperature can be
described by the following expression (e.g. Romanowicz and Mitchell,
2007):

q~ω−α exp −αH = RTð Þ ð9Þ

where H is the activation enthalpy, R is the gas constant, and T is the
temperature. The value of α, then, determines the functional form of
∂q/∂T. When α is zero, ∂q/∂T is independent of temperature, whereas
when α is positive, ∂q/∂T is exponentially dependent on temperature
(Minster and Anderson, 1981). Recent studies seeking to constrain
lateral attenuation variations rely on data with periods shorter than
~300 s (e.g. Gung and Romanowicz, 2004). At these periods, our
preferred model suggests a positive α value close to 0.3. This value
implies an exponential temperature dependence of attenuation, and
justifies the interpretation of lateral attenuation variations in terms of
temperature variations. Note that the amplitude of lateral tempera-
ture variations necessary to obtain the observed q signal are therefore
smaller than would be in the case of frequency-independent
attenuation. Similarly, a positive α value affects the anelastic
correction to the velocity-temperature relationships that need to be
used when interpreting the lateral seismic velocity variations
(Romanowicz, 1994; Matas and Bukowinski, 2007).

Intrinsic attenuation causes dispersion of seismic velocities,
decreasing the velocities of longer period waves compared to shorter
period ones. Properly correcting for the dispersion effect is crucial
when datasets with different frequency content are used to simulta-
neously constrain velocities in the Earth (Kanamori and Anderson,
1977). Usually, the difference in wave-speeds due to an attenuation
value q at two frequencies ω1,2 is calculated using the expression

V ω2ð Þ
V ω1ð Þ = 1 +

q
π
ln

ω2

ω1

� �
; ð10Þ

which is only valid when α=0. However, non-zero values of α, as
suggested by this study, require the use of a different dispersion
correction (Anderson andMinster, 1979; Minster and Anderson,1981)

V ω2ð Þ
V ω1ð Þ = 1 +

q ω1ð Þ
2

cot
απ
2

� �
1− ω1

ω2

� �α� �
: ð11Þ

We can see from this expression that the values of α and q(ω1) will
significantly affect the magnitude of the dispersion correction. The
relative difference between these two expressions, though, is
independent of q. For an α value of 0.3, the assumption of
frequency-independent attenuation will result in 25% error for a
frequency ratio of 10 and a 50% error for a frequency ratio of 100.
Assuming that α=0 substantially overestimates the velocity disper-
sion, as pointed out by Anderson and Minster (1979) and results in
differences that are not negligible when compared to those between
different models of Earth's 1D velocity structure (see Fig. 6). Indeed,
the effect of non-zero α can be larger than the correction applied to
seismic velocities measured at high frequencies using spectroscopic
laboratory methods. We note that Eq. (10) is valid for frequency-
independent α. When α varies within the frequency range over which
the dispersion correction is applied (i.e. ω1 to ω2), Eq. (10) should be
applied separately to each domain of constant α.
Finally, the precise knowledge of seismic velocity, its dispersion
and associated attenuation is important for meaningful comparisons
with other geophysical observables, such as the geoid (e.g. Romano-
wicz, 1990). For example, estimations of viscosity of the lower mantle
are based on values of Rs/ρ=∂InVs/∂Inρ parameter that (e.g. Richards
and Hager, 1984; Ricard et al., 1993) do not include the anelastic
effects. Matas and Bukowinski (2007) showed that anelasticity may
significantly affect the value of Rs/ρ and Rp/ρ, but pointed out that a
more precise knowledge of the absorption band and its characteristics
is still needed. Future work should thus be aimed at improving the
precision of q measurements and the development of radial q profiles
that properly account for the frequency dependence of q.
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