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ABSTRACT

The accurate determination of seismic attenuation, or 1∕Q, is
useful for signal enhancement and reservoir characterization. To
arrive at the necessary accuracy however, a number of issues
must be addressed in the measurement technique. Specifically,
spectral interference from closely spaced reflections is a major
concern, in addition to the assumptions and errors associated
with the raypath geometries of the reference and measured re-
flections. We have developed a robust method for measuring
attenuation from prestack surface seismic gathers that helps
minimize these issues. In our prestack Q-inversion technique;
the presence of spectral interference was first reduced by mak-
ing use of a variable-window time-frequency transform. To
minimize the effects of the remaining interference, we then

made use of an inversion scheme operating simultaneously in
the frequency and traveltime-difference coordinates. A by-
product of this inversion was a collection of the frequency-
independent amplitude changes, which in the absence of
geometric spreading, contains valuable amplitude variation with
angle information, free from attenuation amplitude losses.
Furthermore, under the assumption of locally 1D velocity and
attenuation distributions, we made use of the τ-p transform to
operate on traces of constant horizontal slowness. This allowed
angle-dependent effects in the overburden such as attenuation
anisotropy and source or receiver directivity to be eliminated.
In the second part of our study, published separately, this tech-
nique was also demonstrated upon a shallow 3D seismic survey,
and the measurements compared to another Q-estimation tech-
nique, as well as measurements from a vertical seismic profile.

INTRODUCTION

As a seismic wave propagates, attenuation, parameterized by
1∕Q, typically causes the amplitudes of the higher-frequency com-
ponents to decay more rapidly than those of the lower frequencies.
This effective attenuation is comprised of anelastic losses from ab-
sorption, and elastic losses due to scattering, with a combined result
that the amplitude of the wave is decreased and the bandwidth and
the peak frequency of the data are reduced.
Anelastic, or intrinsic, attenuation is linked to a variety of petro-

physical parameters that hold valuable information for reservoir
development. Attenuation due to friction between grains or crack
faces is controlled by the grain architecture and the effective pres-
sure on the medium (Johnston et al., 1979). Attenuation also occurs
as pore fluids move relative to the rock frame, or along cracks as
they are compressed (Dvorkin and Nur, 1993). For the fluid case,

the amplitude losses depend on the properties of the fluid, such as
viscosity, compressibility, saturation, and on the properties of the
pores, including porosity, permeability, and fracture geometry.
Attenuation is typically viewed as a nuisance, because it reduces

the overall resolution of seismic data, and makes the interpretation
and mapping of geological interfaces more difficult. However, by
measuring attenuation, it is possible to make use of it for other geo-
physical purposes. Inverse Q-filtering (Wang, 2002) may be incor-
porated into the processing flow to compensate for the loss
of resolution, enabling more reliable structural interpretations
(Kaderali et al., 2007). Attenuation-corrected data also allow for
the calculation of more accurate angle-dependent reflectivity
changes because a significant source of systematic error has been
removed (Luh, 1993; Bansal et al., 2009). Additionally, full-
waveform inversion can achieve improved accuracy by incorporat-
ing attenuation into the initial model (Causse et al., 1999).
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The information that attenuation imparts to the seismic signal also
can be a useful tool for reservoir characterization. By measuring at-
tenuation, the reservoir properties that caused the amplitude losses
may be inferred. For example:Attenuation in partially saturatedmed-
ia responds to changes in gas saturation (Winkler and Nur, 1982),
which may help determine the contents of a reservoir; Attenuation
is more sensitive than velocity to fracture azimuth (Clark et al., 2001;
Maultzsch et al., 2007; Clark et al., 2009), andmay be used as amap-
ping tool to target reservoir development; Injected steam causes
changes in the mobility of reservoir fluids, and attenuation may
be used to monitor these changes to optimize the injection process
(Macrides and Kanasewich, 1987). Attenuation is therefore a desir-
able parameter to estimate with accuracy and precision.
A number of factors make the accurate determination of attenua-

tion elusive. The primary difficulty comes from the effects on the
seismic spectrum from interference of different seismic arrivals.
The resulting spectral notching causes attenuation measurements
to be highly bandwidth dependent, and also introduces bias into
the results. Other complications arise from angle-dependent effects
that hamper accurate interval measurements, and processing artifacts
that change the spectrum of the wavelet. The QVO method
(Dasgupta and Clark, 1998) seeks to improve the quality of attenua-
tion measurements over those made from stacked data. By account-
ing for the differences in accumulated attenuation in each prestack
trace, more accurate values can be achieved. Furthermore, prestack
calculations avoid the spectral distortion in the wavelet caused by
artifacts such as normal moveout (NMO) stretch or misaligned
events, and prestack processes such as deconvolution, which make
reliable values of attenuation difficult to quantify (Dasgupta and
Clark, 1998; Ebrom, 2004). The effectiveness of QVO has been de-
monstrated in a number of applications, including discrimination of
lithology types (Dasgupta and Clark, 1998; Hackert and Parra,
2004), azimuthal discrimination of fractures (Clark et al., 2009;
Moffat et al., 2009), and time-lapse changes (Clark et al., 2001;
Blanchard et al., 2009). Along with the successes however, the
QVO method is also sensitive to corrupting influences such as spec-
tral interference (Carter, 2003), source and receiver directivity
(Hustedt and Clark, 1999), and attenuation anisotropy in the
overburden.
In Part 1 of this paper, we introduce a robustmethod formeasuring

effective attenuation from surface seismic data. The prestack Q-
inversion (PSQI) method that we demonstrate seeks to measure
accurately the effective attenuation of an interval by minimizing
factors that mask its true value. In Part 2 of this paper, we demon-
strate the technique on a shallow 3D seismic survey, and compared
the measurements to another Q-estimation technique, as well as
measurements from a vertical seismic profile.
To minimize the effects of spectral interference in the calcula-

tions, spectra are calculated using a variable-window time-
frequency transform (Reine et al., 2009). To reduce further the
influence of these effects as well as noise, we introduce a scheme
to invert for 1∕Q from natural log spectral-ratio data, simulta-
neously using all of the prestack data from a common midpoint
(CMP) gather. While the inversion of natural log spectral-ratio data
is often done with respect to frequency for a single fixed traveltime
difference, this is not a requirement of the spectral-ratio method.
This is demonstrated by Jeng et al. (1999), who invert the natural
log spectral ratios for a fixed frequency over multiple traveltime
differences. Finally, to address the problem of angle-dependent

effects, such as directivity, anisotropy, and raypath differences,
we transform the data into the τ-p domain. For a medium with lat-
erally homogeneous velocity and attenuation, this allows spectral
ratios to be calculated for reflections on the same raypath in the
overburden.
We begin by formulating the attenuation problem and discuss the

complicating factors that must be addressed. We use a number of
synthetic experiments to demonstrate how many of these problems
can be eliminated through the use of the workflow components out-
lined above. In Part 2 of the paper (Reine et al., this issue), we de-
monstrate the PSQI method with an analysis of CMP data from a
shallow 3D land-seismic survey, and show that the measured
values are more stable than those obtained with the QVO method,
and have reasonable magnitude when compared to vertical seismic
profile (VSP) measurements.

THEORY

The amplitude spectrum SðfÞ of a spherical wave traveling
through a layered medium not only experiences exponential decay
due to attenuation, but also includes amplitude losses due to energy
partitioning P from reflection and transmission at impedance inter-
faces and geometric spreading G. If dispersion is neglected, these
latter two terms are independent of frequency f. For an initial source
amplitude spectrum S0ðfÞ, the spectrum of a given reflection can
therefore be described by

SðfÞ ¼ PG · S0ðfÞe−
πtf
Qe ; (1)

where Qe is the average effective quality factor over the travel path,
related to attenuation α by

α ¼ πf
Qev

(2)

(Aki and Richards, 2002). In equation 1, the path length and phase
velocity v have been replaced with the elapsed traveltime t. The
quantity Qe is an effective value because it contains intrinsic effects
Qi, as well as apparent effects Qa, such as those due to scattering.
The three values are related by

1

Qe

¼ 1

Qi

þ 1

Qa

(3)

(Spencer et al., 1982).

Spectral ratios

To measure 1∕Q between two reflections, the ratio of their two
spectra S1ðfÞ and S2ðfÞ, may be taken, eliminating the need to
know the source spectrum (Tonn, 1991). By taking the natural
log of the spectral ratio, the function becomes a linear problem with
respect to frequency or traveltime difference, allowing a range of
linear inversion techniques to be applied to the measured data. This
natural log spectral ratio is given by

ln

�
S2ðfÞ
S1ðfÞ

�
¼ −

π

Q
Δtf þ lnðPGÞ; (4)

where Δt is the traveltime difference between the two reflections,
andQ refers to the effective quality factor for the interval. The terms
P and G are simplified here to refer to the ratios between the two
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reflections for the energy partitioning and geometric spreading
terms, respectively. We have assumed in this relationship that the
spectral behavior of the reflectivity is the same surrounding both
events. If the spectral behavior is not the same and the reflectivity
of the data is known confidently, it is possible to apply a correction
to the measured spectrum to improve the attenuation estimate
(Hackert and Parra, 2004).
Spectral measurements of the reflected wave are complicated by

interference effects resulting from closely spaced events. Intrabed
multiples and adjacent reflections cause the measured spectrum
to exhibit peaks and notches, inhibiting the ability to measure in-
trinsic attenuation (Carter, 2003). To minimize these contributions,
it is desirable to measure the spectrum using a variable-window
time-frequency transform, such as the S-transform (Stockwell
et al., 1996). Because there is less interference with the scattered
coda and adjacent reflections, the use of a variable-window trans-
form allows for more precise and accurate attenuation measure-
ments (Reine et al., 2009).
If we wish to generalize equation 1 to refer to a reflection from a

fixed interface for an arbitrary raypath, then several variables be-
come dependent on the takeoff angle θ. Traveltime t and energy
partitioning P are clearly dependent on takeoff angle θ, however
1∕Q may also have this dependency when it is anisotropic
(Carcione and Cavallini, 1995; Zhu and Tsvankin, 2006). Because
different takeoff angles are considered, the potential for a direction-
ally dependent source or receiver array is also introduced, and the
directivity term DθðfÞ must be considered, leading to

SθðfÞ ¼ DθðfÞPθGθS0ðfÞe
−πtθf

Qθ
e ; (5)

where the superscript θ denotes an angle-dependency.
When considering arbitrary takeoff angles, the spectral-ratio

between two events is more complex than presented in equation 4
(Figure 1a). If, for example, the amplitude spectra of two reflections
with a common offset are compared, their takeoff angles and there-
fore raypaths will be different. This even includes the situation
where a fixed-reference spectrum is used. Due to these arbitrary
raypaths, the traveltimes and 1∕Q values within a single layer
may differ for the two measurements. Along with the addition of
the directivity terms, this results in a spectral-ratio relationship
which is complicated, and nonlinear. To properly isolate the 1∕Q
of a target layer, we consider the advantages of working in the
τ-p domain.

τ-p domain

By matching events with a constant horizontal slowness, Snell’s
law ensures that these reflections occur along the same raypath in
the overburden when laterally homogeneous velocity and attenua-
tion are assumed. Using these matched reflections, it is no longer
necessary to ignore the complications introduced by angular depen-
dencies such as raypath length, attenuation anisotropy, and direc-
tivity. Instead, the angle-dependency of the reflection amplitudes
may be canceled using the spectral-ratio of the coincident events
(Carter, 2003; Behura and Tsvankin, 2009) (Figure 1b).
Reflections with constant horizontal slowness may be identified

in the t-x domain by matching the instantaneous time slopes of dif-
ferent reflections (Behura and Tsvankin, 2009). This method first
requires an accurate determination of the reflection traveltimes.

Alternatively, we achieve the same matching by analyzing constant
horizontal-slowness traces in the τ-p domain. One advantage of this
approach is that the integration of amplitudes also makes the τ-p
data less prone to static shifts and local noise; however, care must
be exercised to avoid the introduction of transform artifacts.
The τ-p transform decomposes a prestack spherical-wave

response s into its plane-wave components ~s, each defined by a
horizontal slowness p (Brysk and McCowan, 1986). The term τ
refers to the vertical component of traveltime for the plane wave
(Diebold and Stoffa, 1981), or its intercept time, defined by

τ ¼ t − px; (6)

Figure 1. Raypaths of a reference (black) and measured (gray) re-
flection. (a) For arbitrary takeoff angles, including the case of com-
mon-offset reflections, the paths are different in the overburden. (b)
When the horizontal slowness, and therefore takeoff angle, of the
rays is the same, the overburden paths are the same.
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where t is traveltime and x is the source-receiver offset. For a point
source in 2D space, or a line-source in 3D, the τ-p transform is a
simple slant stack, whose definition is

~sðτ; pÞ ¼
Z

∞

−∞
sðτ þ px; xÞdx (7)

(Chapman, 1981).
Although equation 7 is kinematically correct for a point source in

3D space, the amplitudes in this situation are not properly recon-
structed, and the assumed plane-wave experiences geometric
spreading in the out-of-plane coordinate (van der Baan, 2004). If
these effects need to be accounted for, a 3D τ-p transform
(Chapman, 1981; Brysk and McCowan, 1986) must be used, or
a lateral filter to convert the amplitudes to their line-source equiva-
lents (Wapenaar et al., 1992) must be applied prior to the 2D
transform.
For the unflattened prestack gathers in the τ-p domain, knowl-

edge of the reflection moveout behavior is necessary to track indi-
vidual interfaces. The moveout of a reflection from the base of a
homogeneous and isotropic layer follows an ellipse in the τ-p do-
main (Schultz and Claerbout, 1978). For layered media, the equiva-
lent moveout curve is the sum of all interval moveouts down to the
reflection. In anisotropic media with transverse isotropy, van der
Baan and Kendall (2002) show that the τ-p domain moveout within
a given layer τi can be given by

τi ¼ τ0i

�
1 −

p2v2i
1 − 2ηip2v2i

�1
2

; (8)

where τ0i is the interval traveltime for a vertical-incidence wave, vi
is the interval stacking velocity, and ηi is the associated anisotropy
parameter defined by Alkhalifah and Tsvankin (1995). The total
moveout for a multilayer geometry is given by the sum of the inter-
val values

τ ¼
X

τi: (9)

Whereas the τ-p moveout curves refer to the vertical traveltime
component for plane waves, the full traveltime is needed for the
inversion of 1∕Q. Based on the τ-p moveout relationship
(equation 8) and the definition of τ (equation 6) it follows that

X d

dp
τi ¼ −x: (10)

Applying this to equation 8 gives the equivalent offset for a point in
τ-p space

x ¼
X τ0ipv

2
i

ð1 − 2ηip2v2i Þ2½1 − p2v2i ð1 − 2ηip2v2i Þ−1�
1
2

: (11)

By solving the interval τ-p domain moveout (equation 8) for τ0i ,
and substituting into equation 11, the τ definition given in equation 6
may again be employed to convert this equivalent offset to an
equivalent traveltime

t ¼ τ þ
X τip2v2i

ð1 − 2ηip2v2i Þ2½1 − p2v2i ð1 − 2ηip2v2i Þ−1�
: (12)

Thus, for any point in τ-p space with a given τ and p, equation 12
may be used to calculate the two-way traveltime, using the knowl-
edge of the values vi and ηi from velocity analysis, and τi from
equation 8. Interval velocity values are obtained from the effective
measurements through Dix’s equation or similar layer stripping pro-
cedures (van der Baan and Kendall, 2002; van der Baan, 2004).

Inversion scheme

Once an appropriate choice of reference and measured spectra are
made, group attenuation, in the form of 1∕Q, may be inverted from
the natural log spectral ratio (equation 4). In a two-step inversion,
such as that used in QVO (Dasgupta and Clark, 1998) the idea of a
single-time inversion is extended for a prestack surface seismic
gather. To determine the attenuation for the gather, the slope of
the natural log spectral-ratio A is first determined for each offset
trace

A ¼ −
πΔt
Q

: (13)

This is followed by a second inversion of the linear relationship
between slopes A and traveltime-difference Δt

A ¼ A 0Δtþ B 0; (14)

where

A 0 ¼ −
π

Q
; (15)

and B 0 is expected to be zero. This allows the determination of
slope, and hence 1∕Q at zero-offset traveltime difference Aðt0Þ.
By using multiple measurements of the same interval, the QVO
method takes statistical advantage of the number of prestack traces.
We alter this approach to perform the inversion for 1∕Q in a

single step. First, such that equation 4 is a linear equation in
traveltime differenceΔt and frequency f, we assume that the quality
factor in the target layer is isotropic in the vertical plane as well as
being homogeneous. This does not change the ability of the
approach to deal with anisotropic attenuation in the overburden,
which is addressed by operating in the τ-p domain. Furthermore,
the energy partitioning and geometric spreading terms are assumed

Figure 2. The natural log spectral ratios for multiple traces may be
combined to form a smooth surface which decreases linearly in
value as either frequency or traveltime difference increase.
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to be independent of frequency, that is, the effects of dispersion and
attenuation on reflectivity are ignored.
With these conditions, equation 4 describes a smoothly varying

surface in Δt and f coordinates (Figure 2). As either coordinate
increases in value, the natural log spectral ratio decreases. With
either coordinate fixed, the natural log spectral ratio retains its
linear behavior. Specifically for a fixed Δt, the typical situation
of a single measurement is represented.
Analytically, this linear system of equations, d ¼ Gm, may be

expressed by0
BBBBBBBBBBBBBBBBBB@

d11
d21
..
.

dN1

d12
d22
..
.

dN2

..

.

dNM

1
CCCCCCCCCCCCCCCCCCA

¼

0
BBBBBBBBBBBBBBBBBB@

Δt1f1 1 0 : : : 0
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. ..
. ..

. . .
. ..

.

ΔtNf2 0 0 : : : 1

..

. ..
. ..

. . .
. ..

.

ΔtNfM 0 0 : : : 1

1
CCCCCCCCCCCCCCCCCCA

0
BBBBB@

A
B1

B2

..

.

BN

1
CCCCCA
; (16)

where the elements dnm correspond to the natural log spectral-ratio
measurement for traveltime-difference n, and frequency m. Here,
the model parameters A and Bn are defined by

A ¼ −
π

Q
; (17)

and

Bn ¼ lnðPnGnÞ: (18)

The data in equation 16 have been ordered such that each fixed
Δt is associated with a unique Bn in the model vector. This allows
frequency-independent variability of the trace amplitudes due to
elastic effects, without affecting the simultaneous determination
of A. From equation 18, the absence of geometric spreading, such
as the case where plane waves are considered, results in the Bn terms
relating directly to the amplitude shift caused by angle-dependent
reflection and transmission coefficients

P ¼
����RL

R1

����
YL−1
i¼1

T̀ iT́ i: (19)

Here, R1 and RL are the reflection coefficients for the reference and
measured reflections, respectively, and T i is the transmission coef-
ficient of interface i from the L layers separating the two events.
Upgoing and downgoing coefficients are considered, as indicated
by the annotations. For plane waves, R and T may be calculated
using the Knott-Zoeppritz equations (Aki and Richards, 2002). This
isolation of energy partitioning information is significant because
the inversion not only produces information about 1∕Q, but also
amplitude variation with angle (AVA) results. The change in ampli-
tude with incidence angle has the advantage of being free from
attenuation amplitude losses, although any reflectivity resulting
purely from a 1∕Q contrast is still inherent in the results. This
AVA information is especially useful if the reference reflectivity
is known in advance, or the source spectrum is known. The

measurement of AVA in the τ-p domain is in many ways superior
to t-x domain measurements (van der Baan and Smit, 2006), which
is another reason why it is a complimentary domain of operation for
the PSQI method.
Equation 16 has a least-squares solution of

m ¼ ðGTWGÞ−1GTWd; (20)

where W is the weighting matrix for the measured data (Menke,
1989). This weighting matrix may be defined in a number of
different fashions. For a measurement at each frequency and
traveltime difference, the weighting elements are the inverse of
the data covariance matrix. Alternatively, the weighting function
may be defined by the coherence function of the data (White,
1984), or in the case of time-lapse analysis, by intervintage cross-
correlation coefficients (Blanchard et al., 2009). The function of the
weighting matrix is to reduce the influence of unpredictable ele-
ments in the data. By allowing the weights to vary with frequency
and traveltime difference, we reduce the influence of those compo-
nents suspected to be more prone to noise.
Finally, the uncertainty in 1∕Q is found from the model covar-

iance matrix, along with error propagation principles (Taylor,
1997). It should be noted that this treatment of error is valid for
statistical fluctuations in the data; however it does not incorporate
the systematic bias that is introduced by apparent attenuation
effects.

SYNTHETIC DATA

We first demonstrate how the choice of inversion scheme
influences the measured attenuation in the presence of spectral in-
terference. A two-step inversion is compared to the proposed simul-
taneous inversion. For this demonstration, a numerical simulation
and a synthetic seismogram are used. We then demonstrate how
the complications introduced into the spectral ratios by raypath dif-
ferences are reduced by operating on a constant horizontal-slowness
trace. To this end, we create a synthetic model with a directional
source array and no intrinsic attenuation. We then show that by cal-
culating the spectral ratios along a single horizontal-slowness trace,
the apparent attenuation introduced by directivity is nullified. This
contrasts the attenuation calculated using a fixed isotropic refer-
ence. By isolating the target in the τ-p domain, this source of error
is removed from the spectral-ratio process. Finally, we illustrate the
relationship between the inverted Bn parameters and the energy
partitioning terms using a synthetic seismogram.

Reduced spectral interference effects

Numerical simulation

We create a numerical surface representing equation 4, with input
values of − π

Q ¼ −10 and a constant lnðPnGnÞ ¼ 10. The time dif-
ference varies from 0.0 s to 1.0 s, and the frequency ranges from
0 Hz to 100 Hz. We then consider two noisy variants of this surface
simulating features which are commonly found in natural log spec-
tral-ratio data (Figure 3). The first variant is a spike of amplitude
500, which is added to two points on the basic surface. This repre-
sents features caused by effects such as localized spectral notching
or noise. The second case is the basic surface with the addition of a
staircase trend of amplitude −500. The second irregularity
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simulates an offset-dependent tuning effect, where the amplitude
spectrum is notched at a different frequency for each trace.
The attenuation results from inverting the test surfaces with the

two-step and simultaneous inversions with a constant weighting
function are shown in Table 1. In both simulations, the simultaneous
inversion is more accurate than the two-step approach in its deter-
mination of A ¼ − π

Q. For the spiked surface, the inversion is more
heavily influenced by the outliers, producing an A increase of 6.2%
over the input value. The simultaneous inversion more closely
follows the input data, with a smaller 1.4% increase in A. For

the staircase surface data, the influence of the irregularity on the
two-step inversion is much greater. Because each trace is biased,
the inversion of the individual slopes is also heavily affected
(45% error). By constraining the model parameters in two coordi-
nates, the simultaneous inversion significantly reduces the influence
of the staircase, producing only a 1.7% error.

Synthetic data

For a more realistic demonstration of the ability of the simulta-
neous inversion scheme to reduce the influence of spectral notching,

Figure 3. (a) The ideal natural log spectral ratio surface as de-
scribed by equation 4. To test the inversion scheme, two variants
of this surface are examined, simulating (b) localized spectral notch-
ing or noise, and (c) offset-dependent tuning.

Figure 4. A blocked log model and its associated synthetic CMP
gather in the τ-p domain. By using a thin-layered model, the pre-
sence of more realistic interference effects may be tested. The re-
ference and measured reflections are indicated by dashed lines.

Table 1. The input A � − π
Q is compared to the value

recovered by the two-step and simultaneous inversions. The
simultaneous inversion reduces the effects of simulated
spectral interference, and is therefore more attractive for
attenuation analysis than the two-step approach.

Input A Simultaneous A 2-Step A

Spike –10 –10.14 –10.62
Staircase –10 –9.83 –14.55

R50 Reine et al.
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we measure the attenuation for a thin-layered synthetic CMP gather
(Figure 4), using a variation on the synthetic test considered by
(Reine et al., 2009). A blocked well-log model is used for input,
and the synthetic data are generated in the τ-p domain using a
reflectivity code (Kennett, 1983). The source is a zero-phase,
70 Hz Ricker wavelet, and 120 slownesses are calculated from
0.5 × 10−3 ms∕m to 0.6 ms∕m. A uniform constant-Q intrinsic
attenuation is used, with a value of 1∕Qi ¼ 0.02. Because of the
effects of scattering, the effective attenuation is expected to be larger
than the intrinsic input. Using wave localization theory (Shapiro and
Zien, 1993; van der Baan, 2001), the model is assumed to have
an exponential autocorrelation, leading to a maximum effective
attenuation of approximately 1∕Qe ¼ 0.022.
The natural log spectral ratio is calculated between two major

reflections with zero-slowness times of 156 ms and 292 ms using
the short-time Fourier transform (STFT) with a window size of
101 ms. The STFT was specifically chosen so that there would
be the most interference effects present (Reine et al., 2009). The
slowness at which the lower event is refracted occurs near
0.4 ms/m, and we therefore only calculate the natural log spectral
ratio out to this point. The natural log spectral-ratio surface is sig-
nificantly affected by spectral notches which change position with
offset (Figure 5). Because the result of the inversion is dependent on
the bandwidth over which it is performed, we calculate 1∕Q for a
range of bandwidths. The lower frequency of the bandwidth is var-
ied from 0 Hz to 110 Hz and the upper frequency from 90 Hz to
220 Hz. A uniform weighting function is applied.
Figure 6 shows the results of the variable bandwidth calculations.

In the ideal situation, this display would show a homogeneous
1∕Qe ¼ 0.022 color for all possible bandwidth choices. The results
of the simultaneous inversion show 1∕Qe measurements which are
much closer than the two-step inversion results to this expected ef-
fective attenuation. Within the bandwidth ranges shown in Figure 6,
the median calculated values are 1∕Qe ¼ 0.021 and 1∕Qe ¼ 0.032

for the simultaneous and two-step approaches, respectively. The
result of the simultaneous inversion therefore has a lower bias than
the two-step inversion from the intrinsic 1∕Q and the effective 1∕Q
of the model.

Directionally dependent effects

Directionally dependent effects such as directional source spec-
tra, attenuation anisotropy, and travel path differences have the
potential to distort the measured attenuation. Here, we simulate the
directionally dependent amplitude response of a source or receiver
system, whose apparent contribution to attenuation (Hustedt and
Clark, 1999) is eliminated in the τ-p domain. We create a synthetic
seismic CMP gather using a simple source array, whose amplitude
response DðfÞ is given by the amplitude of the wavefield summed
across each of the elements relative to the amplitude of the same
elements located at the array center

DðfÞ ¼
������
sin

�
nπΔx f sin θ

v0

�

n sin
�
πΔx f sin θ

v0

�
������ (21)

(Sheriff and Geldart, 1995). Here f is frequency, n is the number of
elements in the array with spacing Δx, θ is the takeoff angle of the
ray, and ν0 is the velocity of the surrounding medium. We create a

Figure 5. The natural log spectral ratio surface associated with the
data shown in Figure 4. It is evident that the spectral interference
notches and peaks change their frequency position with time
difference.

Figure 6. 1∕Qe values (color) estimated for a range of bandwidths
using the different inversion approaches. (a) The simultaneous
inversion shows results which are more uniform, and with a
median 1∕Qe ¼ 0.021, is much closer to the expected effective
1∕Qe ¼ 0.022, than (b) the two-step inversion with a median
1∕Qe ¼ 0.032.
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five element array with an intraarray spacing of 5 m. The takeoff
angles for each trace of the considered interface are determined by
ray tracing the model. The amplitude response of this array for the
synthetic data discussed below is shown in Figure 7.
A synthetic CMP is created in the t-x domain using a reflectivity

code with a 90°, 70 Hz Ricker source wavelet, and using the above
array design. Offsets are calculated every 5 m from 0 m to 700 m
corresponding to an offset to depth ratio up to two for the second
interface. The synthetic data are then transformed into the τ-p do-
main (Figure 8). The input data are mirrored to reduce near-offset
truncation artifacts from the τ-p transform. Five-hundred and one
slownesses from −0.667 ms∕m to 0.667 ms∕m are calculated, after
which the negative slownesses are discarded.
The natural log spectral ratios are calculated for the array data in

the t-x and τ-p domains. A fixed-reference approach is taken for the
t-x data, in which an isotropic source function is assumed and used
for the calculations at each offset. The zero-offset reflection from
the first interface is used as this reference spectrum. In contrast, the
reference event for the τ-p data is the reflection from the first inter-
face on the same horizontal-slowness trace as the measured event.
Because the model consists of coarse layers, the spectrum is locally
stationary, and all spectral measurements are made using an STFT
with a 101 ms window and a Hamming taper.
The natural log spectral-ratio surface for the t-x data is shown in

Figure 9a. Because there is no intrinsic attenuation in the model, no
curvature is expected in the surface; however it is apparent from
these data that this is not the case. The natural log spectral-ratio
surface is effectively the natural log of the array amplitude response
shown in Figure 7, because the input wavelet has been divided out.
This produces a curvature in the natural log spectral-ratio surface
which mimics intrinsic attenuation. The surface is inverted using
a bandwidth of 20 Hz to 200 Hz, and the measured apparent at-
tenuation has 1∕Qe ¼ 0.01, with negligable random uncertainty.
This measurement bias is a significant amount of attenuation that
cannot be ignored.
Conversely, the natural log spectral-ratio surface from the τ-p

surface is much closer to the expected flat behavior (Figure 9b).
There is a small ridge in the surface corresponding to the first notch
in the array response. This notch causes a discontinuity in the

spectral division, resulting in numerical noise. There are also fre-
quency-independent shifts in the surface due to the trace-to-trace
energy partitioning term of the spectral-ratio equation. These shifts
are accounted for in the inversion, resulting in a negligible measured
apparent attenuation of 1∕Qe ¼ 0.00.

Frequency-independent amplitudes

The Bn terms of the simultaneous inversion (equation 16) are
directly related to the energy partitioning terms of equation 4.
We refer to these as inversion intercepts, as they correspond to

Figure 7. The amplitude response due to directivity effects depends
on the offset considered as well as frequency. The response here
corresponds to the amplitudes of the second interface of the syn-
thetic model shown in Figure 8.

Figure 8. (a) A four-layer model and the associated synthetic CMP
data in the (b) t-x domain and (c) transformed into the τ-p domain.
The vertical line on the τ-p data represents the horizontal slowness
of the second reflection at the maximum recorded offset.
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the intercepts of the natural log spectral-ratio solution for each dis-
crete Δt at zero frequency. Synthetic data are modeled as plane
waves directly in the τ-p domain (Kennett, 1983). We consider
the three-layer model shown in Figure 10, where a pressure wave
synthetic has been calculated over 200 slownesses, ranging from
0.1 × 10−3 ms∕m to 0.5 ms∕m, with a zero-phase, 70 Hz Ricker
source wavelet. The natural log spectral-ratio surface experiences
a shift over all frequencies for traces with mid to large time differ-
ences, corresponding to the near- and postcritical reflection coeffi-
cients at the interfaces.
We perform a simultaneous inversion of the natural log spectral-

ratio data up to 0.314 ms∕m using a constant weighting function.
The attenuation measured has a value of 1∕Q ¼ 0.019, which has
only a 5% error from the input 1∕Q ¼ 0.020. Figure 11 shows the
inversion intercepts and the calculated energy partitioning term
using the Knott-Zoeppritz equations. To account for residual geo-
metric spreading, the two curves have been regularized such that
they both start at the same value. There is excellent agreement be-
tween the two, confirming the relationship between the inversion
intercept and the energy partitioning information.
For the more complicated synthetic considered previously

(Figure 4), the intercept terms begin to deviate from the expected
behavior governed by the energy partitioning equations. The experi-
mental parameters are the same as those used in the previous use of
this synthetic. As with conventional AVA analysis, this deviation is

Figure 9. (a) The natural log spectral ratio surface for the fixed-
reference, t-x data. Although there is no intrinsic attenuation pre-
sent, the presence of directivity introduces curvature, which mimics
attenuation. (b) The same surface from the constant-slowness, τ-p
data. There is no apparent curvature, and negligible apparent
attenuation can be detected.

Figure 10. (a) A simple model and (b) the associated synthetic
CMP data in the τ-p domain used to analyze the relationship be-
tween the inversion intercepts and energy partitioning terms. A
coarse model is used so that the trace-to-trace amplitudes are not
influenced by interference effects.

Figure 11. The calculated inversion intercepts (solid) and the nat-
ural log of the theoretical energy partitioning terms (dashed) regu-
larized to start at the same value. There is excellent agreement
between the two curves, confirming that energy partitioning infor-
mation is recoverable through the inversion process.
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caused by amplitude variations along the reflection due to interfer-
ence effects. Because the amount of interference varies depending
on the trace considered, the shift from the theoretical curve is not
uniform. We calculate the expected P term from the input model,
and compare this with the inversion intercept results. Figure 12
shows these two curves, which have been regularized to start at
the same point. While there are fluctuations of the measured data
about the theoretical curve, there is also strong agreement between
the two, demonstrating the potential to integrate amplitude and
attenuation analyses using the proposed simultaneous inversion
scheme.

DISCUSSION

The natural log spectral-ratio surface for a CMP gather contains
information about the attenuation between the two interfaces con-
sidered. While the data are expected to lie on a smoothly varying
surface described by equation 4, in practice there are significant de-
viations from this surface due to interference effects and noise. To
extract the attenuation information from the data properly, it is ne-
cessary to use an inversion approach that is not severely affected by
these deviations.
An inverse problem which treats the coordinates of frequency and

time difference simultaneously, rather than in two steps, is much
less affected by arbitrary spikes and ridges in the data. This is be-
cause the same model parameters are used to constrain the solution
in the frequency and time difference coordinates, both of which are
expected to obey linear behavior. Additionally, by allowing the
intercept term of the inversion to vary from trace-to-trace, fre-
quency-independent amplitudes do not affect the measurement of
attenuation. Random noise causes variability in the data, and cal-
culating an appropriate weighting function for the inversion further
reduces its effects. By using our proposed inversion scheme (equa-
tion 16, attenuation in the presence of scattering, tuning effects, and
noise may be more closely recovered.
Although a least-squares approach has been used for the inver-

sion examples here, this is not a requirement of the simultaneous
inversion. In fact, in the presence of spectral interference, this might
not be an appropriate model (Reine, 2009). Alternative methods,

such as an iterative reweighted least-squares inversion (Gubbins,
2004), may be used to allow for an adaptive, Lp-norm solution.
One of the advantages of the spectral-ratio method is that there

are no assumptions about the analytical nature of the spectrum, al-
lowing for a flexible parameterization of the inversion. Although we
assume a frequency-independent 1∕Q, it is not a requirement of the
method. Reid et al. (2001), for example, allow for a power-law re-
lationship between attenuation and frequency, performing a non-
linear inversion of the spectral-ratio data to obtain the power
explicitly along with 1∕Q. Such frequency behavior could also
be incorporated into the proposed inversion scheme. Because of
the strong indication from laboratory studies that 1∕Q is frequency
dependent, it is prudent to use a method, such as the spectral-ratio,
which can accommodate linearized relationships with a frequency-
dependent 1∕Q.
As presented, we have sacrificed the ability to measure attenua-

tion variability or anisotropy in the target layer to achieve more
robust attenuation measurements. This was done through the as-
sumption of an isotropic and homogeneous target layer. If strong
attenuation variation with angle is expected, an adjustment to the
inversion scheme or data sectoring is necessary.
To evaluate an anisotropic target layer, an analytical form of Q-

anisotropy such as that given by Zhu and Tsvankin (2006) could
possibly be used to redefine the model parameters of the inversion,
such that an anisotropic attenuation may be obtained. Alternatively,
it would also be possible to apply the same PSQI inversion incor-
porating different sectors of data. For azimuthally variable media,
the CMP gather may be sectored by azimuth prior to the τ-p trans-
form, and each transformed sector analyzed individually. For a tar-
get with a vertical symmetry axis, the τ-p transformed data may be
sectored by horizontal slowness. While sectoring allows a smaller
division of azimuths or incidence angles by relaxing the assumption
of an isotropic target layer, some of the advantage of the simulta-
neous inversion is lost. Because spectral interference effects change
frequency position with the different traveltime differences consid-
ered, a reduction in the number of traces reduces the statistical abil-
ity of the inversion to overcome these effects, reducing to the
extreme case in which each trace is treated individually.
In addition to attenuation, the simultaneous inversion scheme in-

volves separate model parameters that contain information about
the energy partitioning properties of the subsurface interfaces. In
the absence of geometric spreading, this energy partitioning can
be predicted using reflection and transmission coefficient data,
shown in equation 19. From these inverted parameters, the potential
exists to extract AVA information that is independent from the
amplitude losses from attenuation, reducing a source of error in con-
ventional AVA analysis (Luh, 1993). The problem becomes one of
separating the AVA response of the measured and reference events.
If the source spectrum is known and used as the reference, this
separation is not important, as the inverted parameters give the
effective AVA curve for the measured interface.
By mapping data recorded in the t-x domain to traces correspond-

ing to a constant ray parameter using the τ-p transform (equation 7),
data may be analyzed along a constant horizontal-slowness trace,
simplifying the natural log spectral-ratio equation. In the case where
a directional source or receiver array was used, the use of a fixed
reference spectrum introduced differential notching compared to the
measured event. This results in a large amount of apparent attenua-
tion. By operating along constant horizontal-slowness traces, the

Figure 12. A comparison of the inversion intercept terms (solid)
and the natural log of the energy partitioning terms (dashed) for
the blocked log model shown in Figure 4. The curves have been
regularized to start at the same value. Although there are fluctua-
tions in the measured data, overall there is good agreement between
the two curves.
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notching is in the same location for both spectra, and the effects of
the directivity cancel out upon division.
The τ-p transform as well as the horizontal-slowness matching in

the t-x domain (Behura and Tsvankin, 2009) allow for the interval,
rather than a composite, 1∕Q to be obtained directly. This
eliminates sources of error in the attenuation measurement due
to properties of the CMP gather which change with incidence angle.
The advantages of the τ-p transform are that the traveltimes of
reflections need not be calculated in advance, and that there is a
reduction in the random noise due to the slant-stack process.
The cost of these advantages is the need to be vigilant in the choice
of transform parameters to prevent the introduction of artifacts
caused by aliasing and truncation. Aliasing requires that the slow-
nesses calculated are appropriate for the density of acquired data.
The use of a 2D τ-p transform and its assumption of azimuthal sym-
metry helps to reduce this spatial sampling requirement (Chapman,
1981; Brysk and McCowan, 1986), and steps can then be taken to
properly account for 3D amplitudes (van der Baan, 2004). Trunca-
tion artifacts, caused by transforming data with a finite spread
length, may be reduced by mirroring the data at near offsets,
and by applying a taper function to the data at far offsets (Wang
and Houseman, 1997). The data must be analyzed to see if these
remaining artifacts pose a significant problem. Furthermore, when
using large horizontal slownesses, it is important to truncate the data
before the horizontal slowness of refraction or before the horizontal
slownesses corresponding to the end of the t-x offset range. Beyond
these traces the data has an incomplete representation, and may
produce inapropriate attenuation measurements.

CONCLUSIONS

Because of spectral interference, accurate measurements of seis-
mic attenuation can be difficult. By using prestack CMP gathers, the
multitude of data allows the inverse problem to be better con-
strained. We have introduced an inversion scheme that solves for
attenuation using all of the prestack traces simultaneously, by ac-
counting for the linear dependence of the natural log spectral ratio
on frequency and traveltime difference between a reference and
measured reflection.
The proposed PSQI method is designed to provide a number of

benefits to improve 1∕Q measurements. The simultaneous inver-
sion significantly reduces the error in the attenuation measurement,
as demonstrated by a simple numerical example and the expanded
case of a thin-layered synthetic data set. The simultaneous inversion
better recovers the input intrinsic attenuation in the model in the
presence of scattering and tuning effects. An additional benefit
of the inversion scheme is that the intercept terms relate directly
to the energy partitioning of the measured reflection when geome-
trical spreading effects are eliminated. When the trace-dependent
reflectivity of the reference event is known, the reflectivity of
the measured reflection is also recovered, free from the effects
of attenuation.
To optimize the performance of the simultaneous inversion, two

additional components are employed for seismic attenuation mea-
surement. First, as demonstrated in previous work, a variable-
window time-frequency transform is used to minimize the spectral
interference effects caused by closely spaced events. Second, a re-
ference and measured event which share a constant ray parameter
are identified. This is achieved with the τ-p transform, and allows
the simplification of the calculations to meet the necessary assump-

tions in the inversion. This approach also allows angle-dependent
overburden properties, such as source or receiver directivity or at-
tenuation anisotropy, to cancel, isolating the target layer. While the
inversion scheme does not require the use of variable-window spec-
tral estimates, and could be applied to data in the t-x domain, these
components of the method are all designed to simplify the assump-
tions and optimize the inversion results. The end result is that by
using all of the PSQI components together, the accuracy of the
attenuation estimate is greatly improved.
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