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Abstract 
The travel-time of PS converted waves (C-waves) in Prestack Kirchhoff Time Migration (PKTM) is 
separated as a product of two terms: a term depending on the C-wave velocity only and a term 
independent of the C-wave velocity. The velocity dependent term is represented by a hyperbolic 
moveout. This moveout can be inversely applied to a CIP gather obtained from PKTM to form an 
inverse NMO (INMO)-CIP gather. The migration velocity is then estimated from the INMO-CIP 
gathers using hyperbolic moveout analysis. Theoretical analysis shows that for any given initial 
migration velocity, the estimated velocity always converges to the correct migration velocity and the 
velocity ratio has only little effect on the estimation of the velocity. Applying this technique to the 
Mahogany dataset confirms the theoretical findings. An empirical formula is obtained from real data 
to calculate the migration velocity from the initial velocity and the estimated velocity obtained from 
the hyperbolic velocity analysis. This work provides a practical method to obtain the migration 
velocity (V ) for PKTM. A data example is used to show this approach is efficient and reliable.  c

Introduction 
One problem in PKTM processing for C-waves is how to obtain the correct migration velocity. The 
velocity obtained from the conventional method (ACP or CCP binning and stacking velocity analysis) 
does not equal the migration velocity (Bevc, 1997; Granli, et al., 1999). In practice, the stacking 
velocity is only used as an initial velocity and an updating scheme is necessary to obtain the correct 
migration velocity. A common method of updating the migration velocity is to visually check the 
events in CIP gathers obtained from PKTM (Dai, et al., 2000). The correct velocity produces flattened 
events and an incorrect velocity produces bended events. However, updating the velocity model based 
on the CIP gather is difficult because the CIP gather cannot provide direct information for updating, 
and a time-consuming iteration procedure is then normally used. There is a need to overcome this 
problem. In this paper, a theoretical analysis is performed to investigate the behavior of C-waves in the 
inverse NMO (INMO)-CIP gathers obtained from PKTM and then a method based on this analysis is 
developed for updating the migration velocity. A dataset from Mahogany field (Kendall, et al., 1998) 
is then used to validate the theoretical finding. 
 

 
 
Figure 1. Schematic illustration of the geometry in 
recording reflection seismic data for C-waves.  

Decoupling of Travel-time of C-wave in 
PKTM 
The travel-time of a C-wave in prestack time 
migration is calculated from the double square 
root (DSR) equation: 
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where h is the half-offset; x is the distance from the midpoint to the scatter-point; is the vertical 
travel-time of the P-wave; t  is the vertical travel-time of the S-wave; V  is the P-wave velocity and 

is the S-wave velocity. This equation can be reformatted as: 
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0ct  is the two-way vertical travel-time of the C-wave; 
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. This equation provides a way to decouple the effects of V  and other parameters.  

 indicates the behavior of V  and  indicates the behavior of other parameters.  

For a C-wave with given locations of a scatter-point, source and receiver,  is a function 
of 
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γ which indicates the effects of γ . The hyperbolic term, t , offers a means of applying the 

hyperbolic analysis to migrated seismic data to improve the velocity models.  
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Constructing INMO-CIP Gather 
Applying an inverse NMO (INMO) to a CIP gather before stacking (summation) can construct a 
INMO-CIP gather, which is similar to Gardner’s DMO-PSI gather (Gardner, et al., 1989), for 
estimating the migration velocity. An event in a CIP gather after prestack migration with correct 
velocity is similar to the event in a CDP gather after normal moveout correction with correct velocity 
for single model waves (PP or SS). The events in the CDP gather can be inverted back to their original 
position using the same hyperbolic moveout. This inversion can also be applied to a CIP gather. 
However, the inverted position of each event is not its original position and is equivalent to the 
hyperbolic moveout that is only dependent on the velocity itself. The effects of other parameters are 
absorbed in the scale factor and then are removed from the travel time. So far a hyperbolic moveout 
analysis can be applied to it to improve the velocity. 
 
Velocity Dependence and Converging 
The above process, unlike Gardners’s DMO-PSI, is 
velocity dependent. However, it can be analytically 
confirmed that the process is convergent. The 
hyperbolic velocity estimated from the INMO-CIP 
gather converges to the correct velocity (Figure 2). 

 
Figure 2. Schematic illustration of the hyperbolic 
velocity analysis on an INMO-CIP gather with 
incorrect V  and correct c γ . 

Consider an event at  in a trace with given 
source and receiver location. If the velocity model 
(V  and 

ct

vc = γ ) is correct, the event in a CIP gather 
is located at  according to its travel-time ( t ) 
calculated using Equation 2. This event is then 
inversed using the hyperbolic moveout ( t ) to 
form an INMO-CIP gather. Applying a hyperbolic 
velocity analysis to the INMO-CIP gather provides 
a hyperbolic velocity (V ) that obviously equals 

. However if the velocity is not correct, for 
example,  is less than the correct V , 
the event in the CIP gather will move up to t , 
which is above the correct time . The inverted 
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time is , which is obviously 
smaller than t . It is analytically 
proven that t  is also larger than 

. The event is then located at t  which 
is between  and the correct . The 
hyperbolic velocity (V ) obtained from 

hyperbolic velocity analysis corresponding to t  
is certainly larger than V  and less than 

. Similar analysis can be applied to the case 
of . The estimated hyperbolic velocity 
is between V and V .  
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This analysis shows that the resultant velocity 
converges to the correct velocity. Figure 3 
schematically shows the events in a CIP gather and 
its corresponding initial velocities and estimated 
velocities. Note that if  is too small, the 
estimated velocity is affected by other parameters. 

For the case when V  is correct and  is not 

(Figure 4), t  is a constant,  is 
increased with increasing 

cos,
. For , 

, the event is 
located at  which is under . Because  is 
a constant, after inverse NMO, is below t . 
Its corresponding V  is certainly larger than v . 
For , is less than . The error 
affects  estimation but this effect is small (Dai 
and Li, 2002).  
 
Data examples  
An OBC seismic dataset from Mahogany field is 
used to validate the theoretical findings. Figures 5, 
6, and 7 show some results of the hyperbolic 
analysis.  Figure 5 is the velocity spectrum obtained 
with correct velocity and velocity ratio ( ). It 
clearly shows that the resulting hyperbolic velocity 
equals the initial velocity.  Figure 6 shows results 
with various V  and correct . Figure 7 shows 
results with various  and correct V . Results in 
Figure 6 clearly show that V  converges to the 
correct value. The correct V  is approximately 
calculated as: 

                        (3) 
The results in Figure 7 show that error has only a 
little effect on estimating V  but it affects the 
focusing of the spectrum. 
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Figure 3. The events in a CIP gather and INMO-
CIP gather with difference migration velocity and 
their corresponding velocities. Three vertical bars 
in the V panel are the migration velocities 
corresponding to the event in the CIP gather with 
different velocities. Three spots in the V  panel 
are the velocities from the hyperbolic velocity 
analysis based on events in the INMO-CIP 
gather.  Note that for the flattened event, the 
migration velocity is the same as the picke
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velocity as expected. 
 

 
 
Figure 4. Schematic illustration of the hyperbolic 
velocity analysis on an INMO-CIP gather with 
correct V  and incorrect c γ . 
 

 
 
Figure 5. V  spectrum obtained from Figure 3(b) 
using the hyperbolic moveout velocity analysis. 
The middle curve of the five velocity profiles is 
the correct migration velocity. The other fou

c

r 
curves are the variation of the correct velocity 
with 80%, 90%, 110% and 120%. 
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Conclusions  
The travel-time of C-waves is separated as a product of two terms: a term depending on the C-wave 
velocity only and a term independent of the C-wave velocity. The velocity in the velocity-dependent 
term is fitted to a hyperbolic moveout assumption. The velocity independent term indicates the effects 
of other parameters. A hyperbolic velocity, obtained by applying a hyperbolic moveout analysis to an 
INMO CIP gather produced by PKTM with an initial migration velocity, provides a guideline to 
estimate the correct migration velocity. Analytically, the hyperbolic velocity is closer to the correct 
migration velocity than the initial migration velocity. Iteratively processing with the updated initial 
velocity, the estimated hyperbolic velocity converges to the correct migration velocity.  The velocity 
ratio error affects velocity estimation when the velocity error is not significant, but this effect is small. 
An empirical formula, V , is derived from the data example. It shows that the 
value of the migration velocity can be calculated using the empirical formula without iteration. The 
estimating  is insensitive to 

inicpickcc VV −− −≈ *2

cV γ .  This work provides a practical method to obtain the migration 
velocity (V ) for PKTM. The data example shows this approach is efficient and reliable. c
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Figure 6. Velocity spectrums obtained from INMO-
CIP gather with various velocities. The velocities used 
for (a) and (b) are 80% and 120% of the correct 
velocity respectively. The five curves indicate the 
velocity values as in Figure 4. In these cases, the 
velocity ratio γ is fixed at the correct values. 

Figure 7. Velocity spectrums obtained from INMO-
CIP gather with various velocity ratios. The velocity 
ratios used for (a) and (b) are 80% and 120% of the 
correct velocity ratio respectively. The five curves 
indicate the velocity values as in Figure 4. In these 
cases, the velocity is fixed at the correct values. 

 

 


