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Abstract 

In this paper, we use a 1D pre-stack example to examine the use of multiples to obtain an 

approximate image of an unrecorded primary following the imaging condition of space and time 

coincidence of up and down-going waves (referred to as Claerbout imaging condition II in 

Weglein, 2015). The result shows that, the image of an unrecorded primary (extracted from a 

recorded multiple) can be used to augment and enhance subsurface imaging from recorded 

primaries, when there is inadequate or insufficient acquisition of primaries. In addition, we 

carefully examine and analyze imaging results from two different and classic imaging conditions; 

(1) the predicted coincident source and receiver experiment at depth at time equals zero (referred 

to as Claerbout imaging condition III in Weglein, 2015). And (2) Claerbout imaging condition II. 

The result represents the advantages of Claerbout imaging condition III over Claerbout imaging 

condition II in terms of image definitiveness and consistency. However, a version of Claerbout 

imaging condition II has the advantage that it can use multiples to improve imaging result. 

Introduction  
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In Claerbout imaging condition II (Claerbout, 1971), the source wavefield is forward propagated 

to the subsurface and the receiver wavefield is backward propagated to the subsurface; the 

imaging result is obtained by deconvolution, equation (1) (or cross-correlation, equation (2)) 

imaging condition (i.e., the space and time coincidence of up and down waves) (Claerbout, 1971, 

Whitmore et al., 2010):   
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In equation (1) (or equation (2)), 𝐷(�⃗�, 𝑥𝑠⃗⃗ ⃗⃗ ; 𝜔) and 𝑈(�⃗�, 𝑥𝑠⃗⃗ ⃗⃗ ; 𝜔) represent down-going and up-going 

wavefields, respectively, and ∗ represents the complex conjugate.  

Claerbout imaging II assumes that the data consists of primaries. Hence, multiples need to be 

removed prior to imaging (see e.g., Carvalho and Weglein, 1994; Verschuur et al., 1991; Araujo 

et al., 1994 and Weglein et al., 1997). Claerbout imaging II also requires a velocity model, and 

velocity analysis methods assume that multiples have been removed. However, while imaging 

requires only primaries, there are circumstances where the extant, sampling and acquisition of 

primaries is incomplete and less than adequate to achieve imaging objectives. Researchers 

(Berkhout and Verschuur, 1994; Guitton, 2002; Shan, 2003; Muijs, 2004; Whitmore et al., 2010, 

Lu et al, 2011, Valenciano et al., 2014) seeking methods to use multiples to extract an 

approximate image of an unrecorded primary, were influenced and inspired by the Claerbout 

imaging condition II (designed for imaging primaries) to consider the space and time 

coincidence of other useful purposes. The example below illustrates one way that extension was 

realized. For the purpose of using a multiple to find an approximate image of an unrecorded 
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primary consider the field U (in equation (1) or (2)) as the source and receiver deghosted first-

order multiple and the field D as the source deghosted, but the receiver ghost of the primary that 

is a recorded subevent of the multiple. That interpretation of equations (1) and (2), with that 

input D and U will produce an appropriate image of the unrecorded subevent of the multiple (see 

Weglein (2015) for more details). 

Methods that seek to produce an approximate image of an unrecorded primary, from a multiple, 

require a velocity model. That in turn requires a step where multiples are first removed. 

Therefore, the recent interests in (and approaches for) using a multiple to provide an approximate 

primary depend on an effective removal of multiples before the method starts. Within that 

understanding, in this paper, we use a 1D pre-stack example to examine the  image result  of an 

unrecorded primary extracted from the multiples following Claerbout imaging condition II (i.e., 

equation 1), and compare that result to the image results obtained from the recorded primaries 

following the same Claerbout imaging condition II.  

Furthermore, we will compare the image results of imaging primaries obtained by two different 

imaging conditions (i.e., Claerbout imaging condition II and Claerbout imaging condition III). 

Claerbout imaging condition III was first introduced by Claerbout (1971) for predicting the 

coincident source and receiver experiment at depth at time equals zero. The Claerbout imaging 

condition III predicts a physical experiment with both source and receiver at depth, allowing it to 

provide the imaging definitiveness that Claerbout imaging condition II cannot provide. On the 

other hand, the idea behind Claerbout imaging condition II inspired/influenced researchers to use 

multiples to provide an approximate image of an unrecorded primary. That is an advantage of 

Claerbout imaging condition II in comparison to Claerbout imaging condition III. 



4 
 

Pre-stack image enhancement by imaging an unrecorded primary extracted 

from a multiple 

In this section, we provide a 1D pre-stack numerical example to examine the result of 

approximately imaging an unrecorded primary extracted from a recorded multiple. Multiples can 

be useful for extracting an unrecorded primary’s image and thereby to enhance the subsurface 

image. 

The test data are generated from a model which contains one horizontal reflector (see Figure 1).  

In imaging the recorded primary (Figure 2), the down-going wavefield that is being forward 

propagated is the source wavefield, and the up-going wavefield that is being backward 

propagated is the primary. In imaging the unrecorded primary (Figure 3), the down-going 

wavefield that is being forward propagated is the receiver-side ghost of the primary, and the up-

going wavefield that is being backward propagated  is the source-receiver side deghosted first-

order free-surface multiple. Comparing the result in Figure 2 to the result in Figure 3, we note 

that the reflector is correctly imaged in both results; however, the image from the unrecorded 

primary plus the recorded primaries shows broader illumination compared with the image from 

imaging the recorded primaries only. 

It is important to point out that, in obtaining the result of Figure 3 in this synthetic example, we 

purposefully chose the receiver-side ghost of the primary and source-receiver side deghosted 

first-order free-surface multiple as the down-going (𝐷) and up-going (𝑈) wavefields, 

respectively. Methods that seek to obtain an approximate image of an unrecorded primary 

require an effective up-down wavefield separation, which can be achieved by modern seismic 
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acquisition technique (e.g., GeoStreamer or Over/Under cable). Notice that, among different 

combinations between the down and up going events, cross-talk artifacts can happen. 

A 1D pre-stack example and the differences between Claerbout Imaging 

Conditions II and III 

The Claerbout Imaging Condition III (i.e., the predicted coincident source and receiver 

experiment at depth, at time equals zero) is the definition of wave-equation migration. Claerbout 

Imaging Condition II is not equal to the Claerbout Imaging Condition III in anything beyond 1D 

normal incidence or zero-offset data.  

In this section, we will show the images generated by Reverse Time Migration (Claerbout 

Imaging Condition II) and Stolt migration, equation (3) (Claerbout Imaging Condition III for 

one-way wave) for a single horizontal reflector. 
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Figure 1 shows the one-reflector model we used for this test. Figure 4 shows the image generated 

by Reverse Time Migration with a single shot gather (one source); we observe that there is a blur 

on the image as well as some artifacts generated by the limited aperture. In practice, a sum over 

all sources is taken with the assumption that the blur and artifacts will go away. However, 

summing over all sources does not have a clear physical meaning and it is not guaranteed that all 

the blur and artifacts will go away. Figure 5 shows the image generated by Stolt migration with 

exactly the same data. We can observe the image is flat and with few artifacts. More importantly, 

every step in Stolt migration has a clear physical meaning. Thus we can readily obtain 
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interpretable amplitude information, such as angle dependent reflection coefficient, from Stolt 

migration (see Zou et. al., 2015 for more detail). 

Conclusion 

Following Claerbout imaging condition II, multiples can be used to extract the image of 

unrecorded primaries to complement the subsurface imaging results in the case where the 

acquisition of primaries is inadequate. However, there still are artifacts (e.g., unwanted cross-talk) 

in the real applications using multiples to improve subsurface imaging. Therefore, this double-

edged procedure needs to be judiciously applied in real applications. Weglein (2014) RARA 

showed several convincing PGS field data examples with considerable added value from using 

multiples to enhance imaging. The comparison of the imaging result of primaries following two 

different imaging conditions (Claerbout imaging condition II and III) demonstrates the 

superiority of Claerbout imaging condition III over Claerbout imaging condition II in terms of 

the definitiveness and consistency of the image.  The Claerbout imaging condition II 

allowed/encouraged the consideration of the space and time coincidence idea for different up and 

down going wavefields (other than the original imaging concept was intended) an interpretation 

to provide added value for using multiples to approximate the image of an unrecorded primary. 

The latter advantage is not available in the more definitive Claerbout imaging condition III. 

Acknowledgement 

We are grateful to all M-OSRP sponsors for their encouragement and support of this study. We’d 

like to thank Arthur B. Weglein for many useful discussions, and we’d also like to thank Fang 

Liu, Jim Mayhan and Xinglu Lin for helpful reviews.  



7 
 

 

 

 

References 

Araujo, F. V., A. B. Weglein, P. M. Carvalho, and R. H. Stolt, 1994, Inverse scattering series      

for multiple attenuation: An example with surface and internal multiples: SEG Technical 

Program Expanded Abstracts, 1039–1041. 

Berkhout, A. J., and D. J. Verschuur, 1994, Multiple technology: Part 2, Migration of multiple 

reflections: SEG Technical Program Expanded Abstracts, 1497–1500. 

Carvalho, P. and A. B. Weglein, 1994, Wavelet estimation for surface multiple attenuation using 

a simulated annealing algorithm: SEG Technical Program Expanded Abstracts, 

1481–1484. 

Claerbout, J. F. , 1971, Toward a unified theory of reflector mapping: Geophysics, 36, 467–481.     

Guitton, A., 2002, Shot-profile migration of multiple reflections: SEG Technical Program 

Expanded Abstracts, 1296–1299. 

Liu, Y., X. Chang, D. Jin, R. He, H. Sun, and Y. Zheng, 2011, Geophysics, Vol. 76, NO. 5, 209-

216. 

Lu, S., N.D. Whitemore, A.A. Valenciano and N. Chemingui, 2011, Imaging of Primaries and 

Multiples with 3D SEAM Synthetic:  SEG Technical Program Expanded Abstracts, 

3217–3221. 



8 
 

Muijs, R., J. O. A. Robertsson, and K. Holliger, 2007, Prestack depth migration of primary and 

surface-related multiple reflections: Part I — Imaging: Geophysics, 72, no. 2, S59 –S69. 

Shan, G., 2003, Source-receiver migration of multiple reflections: SEG Technical Program 

Expanded Abstracts, 1008 – 1011 

Verschuur, D. J., 1991, Surface-related multiple elimination — An inversion approach: Ph.D. 

dissertation, Delft University of Technology. 

Valenciano, A. A., S. Crawley, E. Klochikhina, N. Chemingui, S. Lu and D.N. Whitemore, 2014, 

Imaging complex structures with separated Up- and Down-going wavefields: SEG 

Technical Program Expanded Abstracts, 3941–3945.  

Weglein, A. B., Fernanda Araújo Gasparotto, Paulo M. Carvalho, and Robert H. Stolt, 1997, An 

inverse‐scattering series method for attenuating multiples in seismic reflection data: SEG 

Technical Program Expanded Abstracts, 1975-1989. 

Weglein, A.B., 2015, Multiples, single or noise?: Submitted to Geophysics.  

Weglein, A. B., 2014, Multiples: Signal or noise?: SEG, Technical Program Expanded Abstracts, 

4393–4399 

Whitmore, N. D., A. Valenciano, W. Söllner, and S. Lu, 2010, Imaging of primaries and 

multiples using adual-sensor towed streamer: SEG Technical Program Expanded 

Abstracts, 3187–3192. 

Zou, Y. Q. Fu, C. Ma, J. Wu, A.B. Weglein and R. H. Stolt, 2015, Comparison of the amplitude 

properties of the one-way wave equation migration (Stolt migration) and its approximate 

asymptotic form (Kirchhoff migration): implications for the differences between two-way 



9 
 

wave equation migration (Claerbout Imaging Condition III) and conventional RTM 

(Claerbout Imaging Condition II), M-OSRP 2015 Annual Report.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

 

 

Figure 1, A one horizontal reflector test model. 
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Figure 2, Imaging result by imaging a primary following Claerbout imaging condition II. 

  

Figure 3, Imaging result by imaging an extracted primary from a first-order free-surface multiple 

following Claerbout imaging condition II 
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Figur 4, image result (one shot gather) following Claerbout imaging conidtion II 

The figure below is zoom of the figure above. 
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Figure 5, image result following Claerbout imaging conidtion III. 

The figure below is zoom of the figure above. 

 

 


