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ABSTRACT

Despite theoretical advancements in multiple identification
and elimination, the application and success of these advance-
ments are questionable in some cases and are limited to
marine environments, especially deepwater. In land seismic,
however, a clear understanding of the internal multiple gen-
erators is not readily available; thus, efforts to attenuate them
often are quite ineffective. We have analyzed, in the case of
many thin layers, how the primaries and multiples are affected
by fine-scale variations in the velocity model. Cross-coher-
ence is used to measure the similarity of the original primar-
ies/multiples and the ones generated from upscaled velocity
models. The combined use of kurtosis and the cross-coher-
ence method enables us to precisely quantify the impact of
fine layering on multiples. Test results demonstrate that sur-
face-related multiples and internal multiples are much more
sensitive than the primaries to thickness variations of the
velocity model. As the thickness of each upscaled layer varies
from 1 to 21 m, multiples change rapidly, whereas primaries
are almost the same. The high sensitivity of internal multiples
on fine layering suggests that the detailed model information
should be considered in model parameterization in the inter-
nal multiple removal, especially for model-driven methods.

INTRODUCTION

Primaries and multiples contain subsurface information relevant
to the location and production of hydrocarbons. However, unravel-
ing structural and stratigraphic information from multiples is still a
difficult task. Back-propagating a wavefield containing primaries
and multiples for migration imaging and inversion is usually
beyond our ability to provide a satisfying image. Especially for

a smooth and continuous migration velocity model (generally as-
sumed in practice), multiples will result in a false, misleading,
and potentially injurious subsurface image (Weglein, 2016). There-
fore, primaries are typically considered as signal, and multiples are
usually considered a form of coherent noise to be removed prior to
extracting subsurface information.
Estimation and attenuation of multiples, especially onshore inter-

nal multiples, from seismic data remains one of the biggest
challenges in exploration seismology. Surface-related multiple elimi-
nation (Berkhout and Verschuur, 1997) has emerged as a key meth-
odology applicable for marine seismic data sets, especially in
deepwater. In land seismic data sets, a huge effort has been made to
remove internal multiples over the years. Radon-based methods are
commonly used for multiple attenuation in land seismic data process-
ing, assuming a velocity discrimination between primaries and multi-
ples (Trad et al., 2003). Berkhout and Verschuur (2005) use
principles from the common focal point (CFP) technology and de-
velop a data-driven method in which all internal multiples generated
within a specific layer or by a boundary are taken into account. In this
method, the kinematics of internal multiples are obtained as convo-
lution of the semiredatumed CFP gathers (source at the surface and
receivers at the reflecting interface). An adaptive subtraction is then
commonly used to estimate the dynamics (i.e., amplitude) of the mul-
tiples. Kelamis et al. (2002) and Luo et al. (2007) demonstrate this
method on land data and develop a series of practical methodologies
in the shot, common-midpoint, and stack domain for internal multiple
attenuation. In these schemes, prior knowledge of the main multiple
generators is required. Unlike surface-related multiples with only one
clear reflecting boundary at the surface that almost reflects all energy
into the subsurface, every millimeter of earth is a possible downward
scatterer to generate internal multiples. Thus, the application of the
CFP-based technology is not always straightforward because it
requires the definition of several discrete multiple generators.
Another method of internal multiple attenuation, pioneered by

Araújo et al. (1994) and Weglein et al. (1997), uses the inverse scat-
tering series (ISS) to predict internal multiples for all horizons at
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once. This method is fully data-driven and does not require any
information about the multiple generators or the medium through
which the multiples propagate. Depending on the implementation
complexity, it is possible to predict either an approximation of the
first-order internal multiples or the infinite series of internal multi-
ple contributions with the correct traveltime and better estimate of
the amplitudes (Ramirez and Weglein, 2008). Matson et al. (1999)
are the first to apply the ISS internal multiple attenuation algorithm
to marine data. This method has been demonstrated on land data
by Fu et al. (2010). All of the aforementioned methods rely
on some form of adaptive subtraction to effectively eliminate inter-
nal multiples. Adaptive subtraction runs into problems when the
predicted internal multiples are proximal to or interfering with pri-
maries over relatively large-offset ranges (Abma et al., 2002). To
reduce the subtraction leakage, a closed-loop implementation has
been proposed by van Groenestijn amd Verschuur (2009) for esti-
mation of primaries by sparse inversion (EPSI) for the surface-
multiple case. Ypma and Verschuur (2013) generalize the EPSI
method to remove surface and internal multiples. It shows better
results in retaining the primary amplitudes, but it is rather computa-
tionally intensive and requires some prior knowledge about the sub-
surface.
Recently, a series of data-driven methods have emerged for internal

multiple removals. Löer et al. (2016) propose an ISS-based internal
multiple attenuation scheme that can be used to predict all orders of
internal multiple reflections with approximate amplitudes in one step
without model information. Van der Neut and Wapenaar (2016) pro-
pose a Marchenko multiple elimination (MME) scheme to remove
internal multiple reflections from the measured acoustic reflection
response without adaptive subtraction. It is derived from the coupled
Marchenko equations and requires smooth model information to cre-
ate offset-dependent time truncations. The MME scheme has been
modified to remove the need for model information by Zhang and
Staring (2018), and further to compensate for the transmission losses
in primary reflections (Zhang et al., 2019). The transmission compen-
sated MME (T-MME) also has been extended to account for free-sur-
face multiple reflections (Zhang and Slob, 2019). Reinicke et al.
(2021) present a representative synthetic case study to analyze the
impact of ignoring elastic effects in acoustic Marchenko internal
multiple removal method. Elison et al. (2020) present a detailed
analysis of the impact of band limitation on the Marchenko methods
and propose an augmented Marchenko method with a minimum-
phase constraint to account for short-period internal multiples of a
horizontally layered overburden. They demonstrate the proposed
schemewith a 2D synthetic model based on a sonic log in the Middle
East. Another encouraging result from Arabian Gulf shallow-water
environments with a complex thin-layered overburden has been pub-
lished by Staring et al. (2021). They propose a two-step workflow —
robust EPSI (Lin and Herrmann, 2013) followed by the double der-
everberation Marchenko method — to remove internal multiples
without the requirement of any a priori information about the subsur-
face and adaptive subtractions. A recent study on the impact of elastic
effects in acoustic Marchenko demultiple methods shows that con-
verted waves have a substantial influence on the predicted internal
multiples. However, the migration image is hardly distorted. Because
the Marchenko equation-based approaches require data with true
amplitudes, it is crucial that all preprocessing steps are performed
in an amplitude-preserving way. In practice, some minor inaccuracies
in the processing flow may end up as severe prediction errors for

which adaptive subtractions are necessary to obtain the best results.
Despite such great advancements havng been made over the years,
proper removal of internal multiples is still not fully achievable. A
complex near surface combined with poor signal-to-noise ratio
and source/receiver coupling issues are key obstacles that deteriorate
the performance of multiple attenuation algorithms. Especially in
land seismic data sets, a clear understanding of multiples of different
orders and their generators is not readily available. As shown by Ke-
lamis et al. (2006), in land, most internal multiples are generated by a
variety of complex thin layers encountered in the near surface. Liang
et al. (2012) use a reflector spectrum to further verify that internal
multiples originated from many reflectors distributed throughout
the model, rather than from a fewmajor ones. Therefore, land internal
multiples cannot be eliminated by removing the effect of any single
reflector or even a few major reflectors. Internal multiple removal
methods that assume a few major generators may be challenged. Par-
ticularly in desert terrains with a complex near surface and low-relief
structures, internal multiples can easily overwhelm the weak target
primary reflections because of the presence of alternating high-
and low-velocity layers upon the first kilometer, where velocities
can go to as high as 5000 m/s followed by a layer of 2500 m/s. This
is a typical near-surface karsts geological structure in the Arabian
Peninsula. The SEG Advanced Modeling (SEAM) Arid model (Or-
istaglio, 2013) features such extreme velocity contrast in a 500 m near
surface that juxtaposes hard carbonate bedrock and soft unconsoli-
dated sediments. These strong velocity inversions in the near surface
reduce the effectiveness of most of the moveout-based methods, cre-
ate major problems in velocity analysis (Shen et al., 2012), and result
in a strong leakage of multiple energy in the migration image (Luo
et al., 2011; Verschuur and Berkhout, 2015).
Thick layers, which often represent geological epochs, may have

interfaces with large reflection coefficients. In such situations, re-
flections are isolated and multiples are considered as noise; we may
have a chance of predicting and removing internal multiples. How-
ever, in reality, we have layers with all kinds of thicknesses and
contrasts. It is well known that the short-period internal multiples
in a series of thin layers have the effect of delaying, shaping, and
magnifying the transmitted energy through those layers, and may
surpass its amplitude (see the effective medium theory in O’Doherty
and Anstey, 1971). The transmission effects also were mentioned by
Verschuur and Berkhout (2015). They use a thin-layer model to
demonstrate that internal multiple removal will become a huge chal-
lenge because transmission effects make the true primary much
smaller in amplitude than multiples.
The goal of this work is to show, in the case of many thin layers,

how the primaries and multiples are affected by the fine-scale var-
iations in the velocity model. We first generate a series of primaries
and multiples of infinite orders by reflectivity forward modeling
based on a sonic log for different upscaling scales. Then, we apply
the cross-coherence method, which calculates the crosscorrelation
of traces normalized by their spectral amplitudes in the frequency
domain, to measure the time alignment of the synthesized traces.
This cross-coherence method effectively removes the amplitude
information, revealing the frequency-independent phase changes
between two traces. We quantify the impact of fine layering on
primaries and multiples by measuring the kurtosis of the cross-
coherence results. Test results demonstrate that surface-related
multiples and internal multiples are much more sensitive to the
fine-scale variations in the velocity model than the primaries. They
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exhibit rapid changes when the velocity model upscales slightly,
whereas the primaries are completely unchanged. In such circum-
stances, the high sensitivity of internal multiples on fine layering
suggests that the detailed model information should be considered
in model parameterization in the internal multiple removal, espe-
cially for model-driven methods.

METHOD

The method developed in this paper is based on the reflectivity
forward-modeling method, which constructs the reflection re-
sponse in a two-stage recursive process for incident downgoing
waves (Kennett, 2003). The seismogram is the result of the con-
volution of the source function with the obtained reflectivity re-
sponse function. The reflectivity method is able to model the
cumulative effect of a sequence of internal reverberations. Primar-
ies and internal multiples can be separated by truncating the ex-
pansions of the reverberation operator in the forward modeling
(see Appendix A for details).

Cross-coherence

Crosscorrelation is widely used to measure the similarity of two
traces ua and ub:

Cab ¼ u�aub; (1)

where the asterisk denotes a complex conjugate. We use a fre-
quency-domain formulation for all analysis and the dependence
on frequency is suppressed in the notation. The cross-coherence de-
fined in the frequency domain is

Hab ¼ u�aub
juajjubj

: (2)

The numerator of equation 2 is the same to the right side in the
crosscorrelation, and the denominator is the product of the ampli-
tude spectra of the traces. The cross-coherence function indicates
that, although the phase of each trace is used, the amplitude infor-
mation is ignored. Because the amplitude is prone to being inaccu-
rate in practice, the use of this cross-coherence function is expected
to retrieve more robust phase information than crosscorrelation.
This method is used in seismology by Aki (1957) at first, and then
widely applied in seismic interferometry due to its extraordinary
capability in suppressing the influence of additive noise and ampli-
tude variations among the input traces (Bensen et al., 2007; Nakata
et al., 2011; Liu et al., 2020b).
The crosscorrelation function and the cross-coherence function

have the characteristic that, if the two traces are identical in shape,
but shifted in time, the maximum correlation/coherence occurs at
the time lag at which they are most similar; however, if the two
traces are totally different, the correlation/coherence results in
the time domain tend to be random distributions. Note that the
maximum correlation occurs at zero lag in the autocorrelation re-
sult. However, there is only a single spike at zero lag in the auto-
coherence in the limit of an infinitely long sequence.
We analyze the sensitivity of the crosscorrelation and the cross-

coherence functions on measuring the time alignment of two traces.
Assume that ua is the trace modeled with the original thin-layer
velocity model and ub is generated with a slightly upscaled velocity

model. Then, ub can be seen as a combination of ua and an error
term m, that is, ub ¼ ua þm. Based on the Rayleigh’s limit of res-
olution, the vertical seismic resolution generally is one quarter of
the dominant wavelength. Reflectors that closely situated within
1∕4 wavelength cannot be resolved on seismic reflections (i.e., pri-
maries). However, the short-period internal multiples that reverber-
ate within thin layers have longer and more complicated traveling
paths. Therefore, internal multiples are more sensitive to the veloc-
ity model changes than the primaries. If the thickness of each layer
of the velocity model changes within 1/4 wavelength, the primaries
of ua and ub remain the same. The error term m comes from the
difference of internal multiples between ua and ub. The crosscor-
relation of ua and ub is

Cab ¼ u�aðua þmÞ ¼ u�aua þ u�am: (3)

It consists of an autocorrelation of ua and a crosscorrelation of ua
and the error term m. The influence of the model upscaling, that is,
the error termm, in the crosscorrelation result appears in the second
term u�am only.
The cross-coherence function of the two traces ua and ub is

Hb ¼
u�aðua þmÞ
juajjua þmj (4)

¼ u�a
juaj

ua þmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðu�a þm�Þðua þmÞp (5)

¼ u�a
juaj2

ua þmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u�amþm�uaþjmj2

juaj2
q : (6)

Assuming that the energy of the error term jmj is smaller than the
energy of the trace juaj, that is, jmj∕juaj < 1, equation 6 can be
expanded as

Hab¼
u�aðuaþmÞ

juaj2
�
1þ

X∞
n¼1

Q
n
k¼1

�
1
2
−k

�

n!

�
u�amþm�uaþjmj2

juaj2
�

n
�
:

(7)

Ignoring the terms higher than the second order, we obtain

Hab¼
u�aðuaþmÞ

juaj2
�
1−

1

2

u�amþm�uaþjmj2
juaj2

þ 3

8

ðu�amþm�uaþjmj2Þ�ðu�amþm�uaþjmj2Þ
juaj4

�

¼ u�aðuaþmÞ
juaj2

�
1−

1

2

u�amþm�uaþjmj2
juaj2

þ 3

8

mu�au�amþuam�m�uaþ2uam�u�am
jua j4

�

¼
�
1−

1

4

jmj2
juaj2

�
u�aua
juaj2

þ 1

2

u�am−m�ua
jua j2

þ 1

8

3uam�m�ua−mu�au�am
juaj4

: (8)

Note that the noise term m arisen from the model upscaling con-
tributes to each term. Therefore, the cross-coherence function is
strongly influenced by the fine layering in the velocity model, com-
pared with the crosscorrelation in equation 3.
Figure 1 demonstrates the sensitivity of the crosscorrelation and

cross-coherence functions on measuring the time alignment of two
simple traces. Figure 1a and 1b shows two simulations of the impulse
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responses. The event at 2 s is the only difference between the two
traces. Figure 1c gives the crosscorrelation result of traces in Figure 1a
and 1b. Figure 1d and 1e corresponds to the first and second term of
equation 3, respectively. Note that Figure 1d is actually the autocor-
relation of the trace shown in Figure 1a, and Figure 1e reveals the
difference between the traces in Figure 1a and 1b. The cross-coher-
ence result is shown in Figure 1f with its leading-order term (the first
term in equation 8) shown in Figure 1g and the higher order terms
(the second and third term in equation 8) shown in Figure 1h. Com-
pared with the corresponding crosscorrelation result in Figure 1c–1e,
the difference between the two traces has a profound influence on
each term in the cross-coherence result. Moreover, we observe that
the cross-coherence result (Figure 1f) exhibits a spikier pattern than
the crosscorrelation result (Figure 1c).

Kurtosis

To investigate the influence of fine-scale variations of the velocity
model on primaries and internal multiples, we need an appropriate
tool to analyze the sensitivity of the crosscorrelation and the

cross-coherence functions on measuring how much two traces
resemble each other. The kurtosis of a time series fxigNi¼1 is
defined as

KðxÞ ¼
1
N

P
N
i¼1ðxi − x̄Þ4

s4
; (9)

where x̄ is the mean, s is the standard deviation, and N is the number
of samples. A similar function was used by Levy and Oldenburg
(1987) for the estimation of phase directly from data. It is a statistical
measure of the spikiness of a distribution, that is, whether the data are
heavy-tailed or light-tailed. The data sets with high kurtosis tend to
have heavy tails, or outliers. This occurs when the crosscorrelation/
cross-coherence results have a few large spikes, which indicates that
the two traces are very much alike in shape. On the other hand, data
sets with low kurtosis tend to have light tails or lack of outliers. In our
case, low kurtosis of the crosscorrelation/cross-coherence indicates
that two traces are not related. The kurtosis of a random Gaussian
distribution is three. Kurtosis attains a minimum when the time series
consists of equal amplitude elements with no tails.

Recall that Figure 1c and 1f is the crosscorre-
lation and cross-coherence results of the two im-
pulse responses in Figure 1a and 1b, respectively.
The kurtosis of the cross-coherence result
(Figure 1f) is much larger than the kurtosis of
the crosscorrelation result (Figure 1c). It is con-
sistent with the previous observation that, com-
pared with the crosscorrelation (Figure 1c), the
cross-coherence function is more sensitive to
the slight differences between two traces shown
in Figure 1a and 1b. Therefore, the kurtosis can
be used as a measurement to quantify the cross-
correlation/cross-coherence result, which plays
an essential role in analyzing the impact of fine
layering on primaries and internal multiples.

SENSITIVITY OF THIN-LAYER
INTERNAL MULTIPLES

The reflectivity method is used to generate
synthetic traces from a stratified medium (Ken-
nett, 2003). This method is able to model the
cumulative effect of a sequence of internal rever-
berations. Primaries and internal multiples can be
separated by truncating the expansions of the re-
verberation operator in the forward modeling
(see Appendix A for details).
Figure 2 illustrates an example using a com-

plex velocity function derived from sonic log
(shown in Figure 2a). The number of samples
in depth is nz ¼ 5000 with sample interval
dz ¼ 1 m. The log data have a couple of rapid
velocity changes between 1243 and 3500 m∕s.
The alternating high- and low-velocity layers
at 2 km depth can be observed on the log, which
generates strong short-period internal multiples.
The number of samples in time is nt ¼ 1000with
time interval dt ¼ 0.004 s. A Ricker wavelet
with peak frequency of 20 Hz is used in the re-
flectivity forward modeling. The simulation of

Figure 1. (a and b) Two simulations of the impulse responses. The event at 2 s is the only
difference between the two traces. (c) The crosscorrelation result of traces in (a and b). (d
and e) The first and second term in equation 3, respectively. The cross-coherence result is
shown in (f) with its leading-order term (the first term in equation 8) shown in (g) and the
higher order terms (the second and third term in equation 8) shown in (h).
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the response with primaries only and all orders of internal multiples
only is shown in Figure 2b and 2c, respectively. Figure 2d displays
the synthetic trace containing primaries and all orders of internal
multiples.
Upscaling of velocity logs, from fine-scale to coarse-scale, is a

necessary step in seismic modeling, data processing, and interpre-
tations. In a general sense, upscaling means to replace a hetero-
geneous volume with a homogeneous volume having effectively
equivalent elastic constants. Most of the reliable upscaling methods
are based on the effective medium theory that allows one to find an
effective stiffness tensor relating the strain and stress fields averaged
over a representative volume (Bruggerman, 1937; Backus, 1962).
The simplest way for well-log scale data is a calculation of the
time-average velocity within a given window. Because the phase
velocity is usually not involved in the multiple elimination, as well
as the imaging and waveform inversion process, we only consider
the velocity upscaling methods with the high-frequency approxima-
tion. Comparison of seismic upscaling methods with frequency
dependency is referred to Tiwary et al. (2009). Ignoring the density,
the time-averaging upscaled velocity vTA is calculated by

1

vTA
¼ 1P

N
i¼1 di

�XN
i¼1

di
vi

�
; (10)

where N is the length of the window and di and vi; i ¼ 1; : : : ; N are
the layer thickness and velocity for the ith layer, respectively. An-
other frequently used approach for upscaling velocity measure-
ments was proposed by Backus (1962). It allows computation of
the long-wavelength effective elastic moduli of a medium com-
posed of a stack of thin, isotropic, and homogeneous layers. The
Backus averaging velocity vBA in acoustic media is defined by

1

v2BA
¼ 1P

N
i¼1 di

�XN
i¼1

di
v2i

�
: (11)

Note that because the square terms in the brackets in equation 11 are
always positive. The Backus velocity is slower than the time-
averaging velocity vBA < vTA.
In this study, we upscale the sonic log shown

in Figure 2a by applying the time-averaging
method (equation 10) and Backus averaging
method (equation 11) within the depth window
of 2; 3; : : : ; 21 m, respectively. Figure 3a–3e
shows a series of selected upscaled blocky veloc-
ity models with depth intervals of 1, 6, 11, 16,
and 21m, respectively. In each plot, we compare
the time-averaging result (the blue curve) with
Backus averaging result (the red curve) with
the same upscaling window length. As seen in
Figure 3, the differences in the upscaling results
between the two methods are very small. This is
highly consistent with the comparison of seismic
upscaling methods conducted by Tiwary et al.
(2009), who find that the difference in P-wave
velocity gets smaller at higher frequencies than
at low frequencies. Here, the frequency indepen-
dent upscaling equations 10 and 11 used in the
test can be seen as a high-frequency limit. Even

with the largest window size of 21m, the maximum difference
between the two upscaled velocities is only approximately 4%.
Then, the upscaled velocity models of the depth interval ranging
from 1 to 21 m generated by the two methods are fed into the re-
flectivity forward-modeling process. We compare the impacts of the
two model upscaling methods on the reflection data by one-to-one
calculating the cross-coherence of the primaries/internal multiples
corresponding to the two upscaled velocity modules. The results are
aligned and displayed in Figure 4a and 4b, respectively. Each col-
umn in Figure 4a (4b) corresponds to the cross-coherence of pri-
maries (internal multiples) generated by time-averaging and
Backus averaging upscaled velocity models with the same depth
interval/upscaling window length ranging from 1 to 21 m with
an increment of 1 m. As seen in Figure 4a and 4b, there is only
one distinct spike-train event at zero-time lag, which indicates that
primaries and internal multiples generated by the two different up-
scaling methods exhibit high similarities in general. As the upscal-
ing window increases, the cross-coherence results of primaries and
internal multiples shift upward slightly because the Backus averag-
ing velocity is slower than the time-averaging velocity. Therefore,
there is a little time shift on the primary/internal multiples between
the two upscaling methods. To better preserve the kinematics of the
reflections and avoid duplicate analysis, we use the time-averaging
upscaling method in the following tests.
As Rayleigh’s limit of resolution states, to resolve for two inter-

faces that are closely spaced, the wavelength is λ∕4, where λ is
the dominant wavelength. If the upscaling window length is smaller
than the vertical seismic resolution, which is one quarter of the
dominant wavelength, the kinematics of primary reflections will
not change. The primaries and internal multiples corresponding to
the time-averaging upscaled velocity models of the depth interval
ranging from 1 to 21 m with an increment of 1 m are aligned
and displayed in Figure 5a and 5b, respectively. As a reference,
the first column shows the primaries and internal multiples generated
by the original well log. Automatic gain control with 300 ms moving
time window was applied on each trace to balance the amplitude dif-
ference. In this example, the vertical seismic resolution is approxi-
mately 32 m based on the average velocity of 2560 m and the
20 Hz dominant frequency of the wavelet. The upscaling velocity
model changes within the vertical seismic resolution. Therefore,

Figure 2. A synthetic example. (a) A sonic log consisting of 5000 layers with 1 m depth
interval. (b) The simulation of the response with primaries only. (c) The response with
infinite orders of internal multiples only. (d) The response with primaries plus internal
multiples.
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as we can see in Figure 5a, the influence of fine layering on primaries
is almost negligible, especially when the thickness of each layer
in the velocity model is less than 15 m. However, short-period
internal multiples reverberate several times within a layer. Kinematic
differences that are accumulated along the longer and more

complicated travel path are visible everywhere throughout the entire
internal multiple panel shown in Figure 5b.
To remove the influence of the band-limited wavelet, we also

compare the spectra of the impulse response of upscaled primaries
(Figure 6a) and internal multiples (Figure 6b), respectively. Each

column of the spectra corresponds to an upscaled
velocity model of the depth interval ranging
from 1 to 21 m with an increment of 1 m. First,
we observe that the low-frequency components
(<15 Hz) are stable for primaries and internal
multiples. As the frequency increases, the
influences of the velocity upscaling on the spec-
tra were amplified obviously. Note that, at the
dominant frequency of 35 Hz, internal multiples
change rapidly with respect to the upscaling win-
dow size, whereas the primaries are relatively
continuous. Similar phenomena can be observed
at almost all the frequency components, which
means that internal multiples are much more sen-
sitive than primaries to the fine layering.
We then compute the kurtosis of the cross-co-

herence functions between the upscaled primar-
ies/multiple and the original ones to quantify the
differences. Each column in Figure 7a corre-
sponds to the cross-coherence result between the
original primaries and the ones generated with
upscaled velocity models. Figure 7b corresponds
to the cross-coherence result between the original
internal multiples and the ones generated with
upscaled velocity models. Figure 7c shows the
kurtosis of the primary/multiple cross-coherence
results along with the upscaling window size.
The overall high kurtosis on the cross-coherence
result of primaries (the blue curve in Figure 7c)
indicates that the original and upscaled primaries
have high similarity. This similarity slightly de-
creases as the thickness of each layer increases
from 11 to 21 m. However, the kurtosis of the
cross-coherence result of internal multiples (the
red curve in Figure 7c) dramatically drops as the
upscaled window increases. Note that changes in
the internal multiples can be detected by the kur-
tosis even when the thickness of each layer
changes from 1 to 3 m. Moreover, when the thick-
ness of each layer is larger than 15 m, the kurtosis
reaches the level of Gaussian noise (the kurtosis of
a random Gaussian distribution is three), which
indicates that the upscaled internal multiples
and the original scale internal multiples have little
similarity.
Figure 8 shows a comparison of the crosscor-

relation of the primaries/internal multiples and
their kurtosis values. We can see that the resolu-
tion of crosscorrelation results of primaries (Fig-
ure 8a) and internal multiples (Figure 8b) is
much lower than the cross-coherence results
(Figure 7a and 7b). Figure 8c shows the kurtosis
curves of the crosscorrelation results between the
upscaled primaries/multiples and the original

Figure 3. The sonic log with depth interval of 1 m has been upscaled up to the depth
interval of 21 m with an increasing sample factor of 1 m. This figure shows selected
upscaling logging data with depth interval of (a) 1 m, (b) 6 m, (c) 11 m, (d) 16 m, and
(e) 21 m. In each plot, we compare the time-averaging upscaling result (the blue
curve) with Backus averaging result (the red curve). There is only a small difference
in upscaling results between the two methods.

Figure 4. Comparisons of the impacts of the two model upscaling methods on the re-
flection data. The cross-coherence of primaries (internal multiples) generated by the
time-averaging and Backus averaging upscaled velocity models with the same depth
interval/upscaling window, length ranging from 1 to 21 m with an increment of
1 m, is aligned and displayed in (a and b), respectively. As seen, there is only one distinct
spike-train event at zero-time lag, which indicates that primaries and internal multiples
generated by the two different upscaling methods exhibit high similarities.
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ones. Subtle changes in primaries and significant changes in internal
multiples are not as clear as the kurtosis curve of the cross-coher-
ence results (Figure 7c).

SENSITIVITY OF THIN-LAYER SURFACE-
RELATED MULTIPLES

To test the impact of fine layering on surface-related multiples, we
add a free surface on top of the velocity model in Figure 2a. The
surface-relatedmultiples are obtained by the following steps: (1) com-
pute the original synthetic traces UðtÞ containing primaries and all
orders of multiples, (2) set the reflection coefficient for the incident
upgoing waves ru ¼ 0 for the surface layer, to obtain a new synthetic
trace U1ðtÞ, and (3) subtract U1ðtÞ from the original trace UðtÞ to
obtain a different trace UdiffðtÞ ¼ UðtÞ −U1ðtÞ.
The resulting trace UdiffðtÞ contains all of the sur-
face-related multiples that have experienced at
least one downward reflection at the free surface.
We repeat the previous velocity model upscal-

ing process and compare the impact of fine-scale
variation in the velocity model on primaries and
surface-related multiples. The primaries and sur-
face-related multiples corresponding to the up-
scaled velocity models of the depth interval
ranging from 1 to 21 m with an increment of
1 m are aligned and displayed in Figure 9a and
9b, respectively. As a reference, the first column
shows the primaries and surface-related multiples
generated by the original well log. Automatic gain
control with 300 ms moving timewindow was ap-
plied on each trace to balance the amplitude differ-
ence. Similar to the previous tests, the influence of
the fine layering on primaries is almost negligible
(Figure 9a). However, differences are visible in the
surface-related multiple panel shown in Figure 9b.
The comparisons of the kurtosis of the cross-

coherence functions between the upscaled pri-
maries/multiples and the original traces to quan-
tify the differences are shown in Figure 10. Each
column in Figure 10a corresponds to the cross-
coherence result between the original primaries
and the ones generated with upscaled velocity
models. Figure 10b corresponds to the cross-
coherence result between the original surface-
related multiples and the ones generated with
upscaled velocity models. Figure 10c shows
the kurtosis of the primary and surface-related
multiple cross-coherence results along with the
upscaling window size. They exhibit the same
trend as Figure 7c in general. The high kurtosis
on the cross-coherence result of primaries (the
blue curve in Figure 10c) indicates that the pri-
maries are not sensitive to the fine-scale variation
in the velocity model. However, the kurtosis of
the cross-coherence result of surface-related mul-
tiples (the red curve in Figure 10c) drops dra-
matically as the size of the upscaled window
increases.
As a comparison, we also compute the crosscor-

relation of the primaries/surface-related multiples

and their kurtosis. The resolution of crosscorrelation results of
primaries (Figure 11a) and surface-related multiples (Figure 11b) is
much lower than the cross-coherence results (Figure 10a and 10b).
Moreover, changes on the kurtosis of primaries and surface-related
multiples (Figure 11c) are not as clear as that of the cross-coherence
results (Figure 10c).

DISCUSSION

Given the preceding analysis, we admit that short-period internal
multiples help in transmitting energy through thin layers, and they
are much more sensitive than primaries to the velocity changes.
Considering the removal of internal multiples, we need to under-
stand the physical reality that we are facing when removing internal

Figure 5. (a) The primaries and (b) internal multiples one-to-one correspond to the up-
scaled velocity models with depth interval of 1; 2; : : : ; 21 m. Each column corresponds
to a velocity model. The first columns of (a and b) are the primaries (Figure 2b) and
internal multiples (Figure 2c) generated with the original thin-layer models.

Figure 6. (a) The spectra of the primary impulse response (reflectivity). (b) The spectra
of the impulse response of internal multiples. Each column corresponds to the upscaled
velocity models with depth interval of 1; 2; : : : ; 21 m.
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multiples. The surface-related multiple removal
process simulates the physical situation that
the water has been filled to a level upward,
whereas sources and receivers stay in the water
at the same locations. In this situation, upcoming
waves will not reach the surface and generate
multiples within the registration time of the seis-
mic data. For internal multiples, the situation is
quite different. There is no physical model that
exactly creates the same primary reflections only
as the one we measure, without the internal mul-
tiples. Thus, the imaging algorithm would not
create a physically realistic model from the mea-
sured primaries only. When we aim to remove
internal multiples, especially the short-period
ones for thin-layer models, we should simultane-
ously apply transmission correction to primaries
to map them properly. Moreover, incorporating
internal multiples properly in the imaging and
inversion algorithms is the way forward from a
physical point of view. In a manner similar to
how the internal multiple removal is more com-
plicated than the surface multiple removal, the
imaging and inversion of internal multiples is
an even larger challenge. Every subsurface grid
point is a possible downward scatterer. We have
shown that internal multiples are very sensitive
on the fine layering. So how fine the velocity
layer should be sampled to match the wavefield
including primaries and short-period internal
multiples is a problem to address. Because the
kinematic sensitivity of internal multiples is re-
lated to the complicated travel path, how many
orders of internal multiples should be considered
properly for multiple imaging is another issue in
reality. These problems are much more severe in
inversion due to the high nonlinearity and the
coupling effect of the fine layering on kinematic
and amplitude information, especially for thin-
layer velocity models (Liu et al., 2018, 2020a).
Some attempts on imaging by using surface-re-
lated multiples and internal multiples can be
found in Wang et al. (2014a, 2014b), Zheng et al.
(2019), Wapenaar et al. (2014), Slob et al.
(2014), Berkhout (2012, 2014), Davydenko
and Verschuur (2014), and Berkhout and Ver-
schuur (2016).
The velocity upscaling method used in this

study is a time averaging of slowness within
the given depth window for preserving kinematic
information of primaries. It is well known that
the vertical seismic resolution, which is one quar-
ter of the dominant wavelength, is only suitable
for primary reflections. The longer and more
complicated travel path is the main reason that
makes internal multiples more sensitive than pri-
maries to the fine layering on velocity models.
Liang et al. (2012) propose a reflector spectrum
to quantitatively show the relative contribution of

Figure 7. (a) The cross-coherence of the original primaries and the upscaled ones.
(b) The cross-coherence of the original internal multiples and the upscaled ones.
(c) The kurtosis curve of the cross-coherence results of primaries (blue) and internal
multiples (red).

Figure 8. (a) The crosscorrelation of the original primaries and the upscaled ones.
(b) The crosscorrelation of the original internal multiples and the upscaled ones.
(c) The kurtosis curve of the crosscorrelation results of primaries (blue) and internal
multiples (red).

Figure 9. (a) The primaries and (b) surface-related multiples one-to-one correspond to
the upscaled velocity models with depth interval of 1; 2; : : : ; 21m. Each column cor-
responds to a velocity model. A free surface is added on top of the velocity model.
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each individual reflector to all arrivals in a seismic trace. Their study
confirms that, in a thin-layer velocity model, the observed primary
often is the result of interference between a classic primary reflec-
tion and multiple reflections (O’Doherty and Anstey, 1971). Inter-
nal multiples originate from many reflectors. Thus, they cannot be
eliminated by removing the effect of any single reflector or even a
few major generators. Zhang et al. (2019) apply the data-driven T-
MME to a four-layered synthetic example including a 30 m thin
layer (the dominant wavelength of the data is 90 m). The result
shows that the effect of limited bandwidth on thin-layer responses
cannot be accounted for by the current scheme due to the fact that
the thin-layer internal multiple is totally interfered with by the pri-
mary reflection.
Another topic that is worth mentioning is that the maximization of

kurtosis of the cross-coherence between the observed and syn-
thesized wavefields can be used as an objective function in seismic
inversion to invert kinematic information for long-wavelength veloc-
ity components. Because the cross-coherence is much more sensitive
to the similarity (or time alignment) of two traces than the crosscor-
relation method, the combined use of kurtosis maximization and the

cross-coherence function may have potential in reconstructing more
details in the velocity model.

CONCLUSION

We present a new approach to analyze the impact of fine-scale
variations in the velocity model on primaries and multiples in
the case of many thin layers. Cross-coherence is used to measure
the similarity of the original primaries/multiples and the upscaled
ones, and it shows much higher resolution than the crosscorrelation.
The combined use of kurtosis and cross-coherence enables us to
precisely quantify the impact of fine layering. Test results demon-
strate that the internal multiples and surface-related multiples are
much more sensitive than the primaries to fine-scale thickness var-
iations in the velocity. As the thickness of each layer varies from 1
to 21 m, multiples change rapidly; however, primaries are almost
the same. The high sensitivity of internal multiples on fine layering
suggests that the detailed model information should be considered
in model parameterization in the internal multiple prediction and
elimination process. On the other hand, the high sensitivity of in-

ternal multiples on fine layering suggests that the
detailed model information should be considered
in model parameterization if the internal multi-
ples are incorporated in imaging and full-wave-
form inversion. The parameterization scale
should be designed based on the order of the in-
ternal multiples used in imaging or inversion.

DATA AND MATERIALS
AVAILABILITY

Data associated with this research are confi-
dential and cannot be released.

APPENDIX A

REFLECTION FROM A STACK OF
UNIFORM LAYERS

We follow the reflectivity method in Kennett
(2003) to construct the reflection response of a
stratified medium to incident downgoing waves.
Figure A-1 shows the N uniform layers with veloc-
ity model vðziÞ, where zi is the depth of the ith
reflector, i ¼ 1; : : : ; N, the reflection and trans-
mission coefficients at each interface for incident
downgoing and upgoing waves are given by

rdðziÞ ¼
vðziþ1Þ − vðziÞ
vðziþ1Þ þ vðziÞ

; (A-1)

tdðziÞ ¼ 1 − rdðziÞ; (A-2)

ruðziÞ ¼ −rdðziÞ; (A-3)

tuðziÞ ¼ 1 − ruðziÞ; (A-4)

Figure 10. (a) The cross-coherence of the original primaries and the upscaled ones.
(b) The cross-coherence of the original surface-related multiples and the upscaled ones.
(c) The kurtosis curve of the cross-coherence results of primaries (blue) and surface-
related multiples (red).

Figure 11. (a) The crosscorrelation of the original primaries and the upscaled ones.
(b) The crosscorrelation of the original surface-related multiples and the upscaled ones.
(c) The kurtosis curve of the crosscorrelation results of primaries (blue) and surface-
related multiples (red).
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where rdðziÞ and tdðziÞ are reflection and transmission coefficients
for incident downgoing waves, respectively; ruðziÞ and tuðziÞ are re-
flection and transmission coefficients for incident upgoing waves, re-
spectively; and i ¼ 1; : : : ; N. Density is ignored for simplicity. We
start at the bottom layer and calculate the reflection coefficient:

RDðz−N−1Þ ¼ rdðzN−1Þ; (A-5)

where z−N−1 indicates the depth just above the layer zN−1: Then, we
add the phase terms and calculate the reflection just below the layer
zN−2:

RDðzþN−2Þ ¼ EN−1
D RDðz−N−1ÞEN−1

U ; (A-6)

where zþN−2 indicates the depth just below the layer zN−2 and the phase
term depends on the frequency ω and velocity:

EN−1
D ¼ EN−1

U ¼ e
iωðzN−1−zN−2Þ

vðzN−1Þ : (A-7)

After incorporating the interface at zN−2, we bring the reflection to the
upper side of the same layer:

RDðz−N−2Þ ¼ rdðzN−2Þ þ
tdðzN−2ÞRDðzþN−2ÞtuðzN−2Þ
1 − ruðzN−2ÞRDðzþN−2Þ

:

(A-8)

Note that the term ð1 − ruðzN−2ÞRDðzþN−2ÞÞ−1 in equation A-8 rep-
resents the cumulative effect of a sequence of internal reverberations,
containing primaries and infinite orders of internal multiples. ATaylor
series expansion of this term will separate the primary reflection, first-
order multiple, and each high-order multiples explicitly.
Equations A-6–A-8 allow the construction of the reflection re-

sponse recursively, a layer at a time for a stratified multilayer veloc-
ity model. As a result, a synthetic seismic trace is produced by the
inverse Fourier transform of the products of different monochro-
matic impulse responses with a source wavelet.
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Figure A-1. An illustration of an N-layer velocity model.
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