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ABSTRACT
We investigate the effect of errors in the migration velocity model of PS converted waves on
the travel-time calculated in prestack Kirchhoff time migration in weak anisotropic media.
The prestack Kirchhoff time migration operator contains four parameters: PS converted wave
velocity, vertical velocity ratio, effective velocity ratio, and anisotropic parameter. We derive
four error factors corresponding to the four parameters, respectively. Theoretical and
numerical analyses of the error factors show that all the error factors are inversely
proportional to the velocity as well as to the travel-time. Errors in travel-time for shallow
events are usually larger than those for deep events. The error in the PS converted wave
velocity causes the largest error in the travel-time, and the error in the vertical velocity ratio
causes the smallest error in the travel time. The error in effective velocity ratio has a larger
effect on the travel-time than the error in anisotropic parameter when the ratio of horizontal
distance to depth is small. However, the error in anisotropic parameter has a large effect on
travel-time than the error in effective velocity ratio when the ratio of horizontal distance to
depth is lager. The errors in the travel time caused by errors in effective velocity ratio and
anisotropy parameter stem mainly from the converted S-wave raypath of the PS converted
waves. For time processing, it is possible to estimate PS-wave velocity accurately without
accurate information of vertical velocity ratio, effective velocity ratio and anisotropic
parameter. This can save processing cost and time. These findings are useful both for our

understanding of PS-wave behaviour and for PS-wave imaging in anisotropic media.
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INTRODUCTION

In isotropic media, the error in the PS wave velocity has a larger effect on the image obtained
from prestack Kirchhoff time migration than the error in the P-to-S velocity ratio (Dai and Li
2006). This suggests that for time processing, only the velocity of PS converted waves needs
to be accurately estimated and a roughly estimated P-to-S velocity ratio is acceptable for
producing the PS converted wave migration image. This phenomenon is useful for processing
PS converted wave data because it is difficult and time-consuming to estimate the P-to-S
velocity ratio accurately from real data. However, when anisotropy cannot be neglected, there
are more parameters in the velocity model of PS converted waves (Li and Crampin, 1993; Li
and Yuan 2003). We have to investigate the effects of errors in these parameters on the
traveltime and imaging of PS converted waves. In this paper, we extend our previous work
(Dai and Li 2006) to anisotropic media. Firstly, we analyse the source of errors in the travel-
time calculation and derive a relationship between the errors in travel-time and the absolute
error of parameters of the migration velocity model. Then we perform a numerical analysis to
demonstrate the effects of velocity model error on travel time calculation for prestack

Kirchhoff time migration.

EFFECTS OF TRAVEL-TIME ERRORS ON PRESTACK TIME MIGRATION

The accuracy of PS converted wave travel-times calculated in prestack Kirchhoff time
migration plays a crucial role in producing high quality migrated images and is determined by
the accuracy of the migration velocity model. For anisotropic media, the migration velocity

model consists of PS converted wave velocity (V ), vertical velocity ratio (y,), effective

velocity ratio (., ) and the anisotropic parameters ( y) (Li, et al., 2007; Li and Yuan 2003).
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In prestack Kirchhoff time migration for weak anisotropic media, the travel-time t is the

summation of the travel-times of the down-going P-wave and up-going S-wave.

tys =1, +1, (1)

where t,, and t; are approximated (see Appendix A) as:

t 2

t, =2 l+w, - et w2, )
1+, 1+ A+ 274 )W,
t 2

=700 i, - Sen w? A3)

1+y, 1+w

X2 (L+ 7)1+ x2(L+y,)(L+

Where w, = p( 270)2( Ver) W, = s 270)§ Ver) My = —%—— and £, = £
1:psOVpsyeff 1:psOVpsyO (7/0 _1)7eff Yo~ 1

xp Is the horizontal distance between the source and the scatter point, x, is the horizontal
distance between the receiver and the scatter point, and t , is the summation of the vertical

travel-time of the P-wave from the source to the scatter point and the vertical travel-time of
the S-wave from the scatter point to receiver (Figure 1).

The error in the travel time (t,,) can be written in terms of the absolute errors in these

quantities (see Appendix B):

Atps = _E70A70 - Eyeff Aye]‘f - EvpsAVps - E;(AZ , (4)

where AV ., Ay,, Ay, and Ay are absolute errors in V., %, 74 and y respectively, and

ps?

E.s: E, 0. E,, ,and E, are the corresponding error factors, given by

VpS’ }/01 }/e

Evps = Evpsplp + Eupsst (5)
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Equation 4 shows that the travel-time error is the summation or substitution of the products of
the error factors and the corresponding absolute errors. These error factors illustrate the

effects of the relative errors in Vg, 5, 7%, and y on the travel-time computation. Their

characteristics determine the travel-time dependence.
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NUMERICAL MODEL ANALYSIS

Generally, each error factor has two terms (Equations 5, 6, 7, and 8); one term is related to
the P-wave raypath and the other is related to the S-wave raypath. Note that for weak
anisotropic media, the values of these terms are always positive (Equations 5a, 5b, 6a, 6b, 73,

7b, 8a, and 8b). The error factor of velocity (EVps) is the sum of two terms. However, the
error factors of velocity ratio (E,o andE, ) and anisotropy (E, ) are the difference between

two terms. This implies that the errors caused by E,q, E, . and E, will change sign with

7 eff

common-image-point locations and the error caused by EVps will not. The sign changes in

E E,, and E, mean that when stacking the energy from both negative and positive

reff 1 0

offset data, E, , E,,, and E, will cause more smearing than EVps (Dai and Li 2006). In

Yo

other words, E, , E, ,and E, are more likely to affect the focus of the image.

The effects of these error factors on the travel-time calculation can be seen more in

numerical evaluation in which the travel-time errors related to AV, Ay,, Ay, and Ay are

ps’

calculated. The travel-time errors associated with AV ., Ay,, Ay, and Ay are calculated

ps 9
for various values of V., 5, %, and y separately. The offset between the source and
receiver is set to 1000 m. The locations of common image points are related to the source
location and defined as offset/1000m (Figure 1). The source is placed at 0.0 of the location of
common image points and the receiver at 1.0 of the location of common-image points. The
PS converted wave velocity is set to 1000 m/s and 2000 m/s, and y, and y.; are set to (2.5,
2.0) and (4.5, 4.0). y is set to 0.1 and 0.2 for weak anisotropic media. Figure 2 shows the

diffraction curves for various values of V., %, 74, and y. Each plot in Figure 2 shows five

diffraction curves for 1s, 2s, 3s, 4s, and 5s of PS-wave travel-times, respectively. These
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figures show that the diffraction curves obviously vary with velocity, moderately vary with
velocity ratio, and vary very small with anisotropy.
Figure 3 shows absolute values of the travel-time error in the PS-wave caused by 10

m/s in V. (1% of 1000 m/s or 0.5% of 2000 m/s) with various V., 7, 7., x and travel-

times. In practice, this error is small. A suitable tool is necessary to pick the velocity in such

accuracy. Because y, yo, ¥ are true values, the travel-time error is —E, AV . Figure 3

shows travel-time errors caused by errors in velocity are of the same sign, and are inversely
proportional to the travel-time itself. This means that, for the same velocity error, the errors in
the calculated travel-time are smaller for long travel-times. The travel-time error for short

travel-times (shallow events) is more sensitive to E, than that for long travel-times (deep

events). The travel-time error is also inversely proportional to the PS-wave velocity. High
PS-wave velocity results in a small travel-time error. For a given travel-time, the error also
depends on the location of the scatter point. A numerical analysis shows that the minimum

value of Ev., is reached at a special point which is close to the conversion point. The closer
this point is to the location of the scatter point, the smaller By, - The values of y, and 7.,

have less effect on the travel-time error than the values of V ;. The values of » have a much
smaller effect on the travel-time error than the effect of y,, 7, and V. Note that the
location of the scatter point with the minimum Ev changes with y,, 7, and V. The

values of the travel-time error caused by 10m/s of velocity error for a 1000m/s velocity are at
least 2ms and can be more than 40ms. However, if the velocity is 2000m/s, the travel-time
errors are reduced to a quarter of these values.

Note that the travel-time error depends on the location of the scatter point. The travel
time error becomes very large when the scatter point is at either end of a diffraction curve.

Such scatter points should be eliminated. This can be achieved by aperture control during
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prestack Kirchhoff time migration processing. During PKTM, the aperture or the size of the

t
diffraction is usually limited by a dip angle [/;’:arccos(tp—so)] that acts as a dip limit filter.
ps

Data exceeding the dip limit is tapered to zero. But data that exceed the dip limit also have
large travel-time errors. So tapering the data to zero eliminates data that have larger errors in
travel-times. The dip limit angle can be alternatively determined by the travel-time error
because the travel-time error can be calculated from the travel-time and the vertical travel-
time of a PS-wave. Thus travel-time error provides an alternative criterion by which to
determine the aperture angle.

Figure 4 shows absolute values of the travel-time error in the PS-wave caused by error

of 0.1in y, (4% of 2.5 and 2% of 4.5) with variation of V., 7, 7., x and travel-times. In
practice, this error is not small. Because V ;, 7., and y are correct, the travel-time error is
—E, oAy, . All travel-time errors caused by errors in y, are very small compared with the
error caused byV . This suggests that travel-time errors caused by errors in y, can be

neglected. The absolute values of the travel-time errors are also inversely proportional to the

travel-time itself and to V ;. Figure 4 also shows that small values of velocity ratios (y, and
7« ) Cause large errors in travel-time, and that large values of » cause large errors in travel-

time.
Figure 5 shows absolute values of the travel-time error in the PS-wave caused by an

error of 0.1 in y (5% of 2.0 and 2.5% of 4.0) with variation of V¢, 7, 7, x and travel-
times. In practice, this error is not small. Because V, 7,,and y are correct, the travel-time
error is —E . Ay . Note that the travel-time errors caused by errors in y, are far larger than

the errors caused by similar variation in y, in most causes. But in the cases with low velocity

and short travel-time, the error in travel-time caused by errors in y is less than that caused
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by errors in y, . The absolute values of the travel-time errors are also inversely proportional
to the travel-time itself and to V ;. However, the values of y,, 7., x have less effect on
the travel-time error. All travel-time errors caused by error on y. change sign with the

different locations of common image points. But the error is dominated by the error caused

1

—— and
2(1+7/eff)

by the S-waves. This is because the error factor E. has a factor of

whereasE ., has a factor of _r which reduces the error in the P-waves. Note that
2(1+ Vet )yeff

the travel-time error depends on the location of the scatter point. The travel time errors
become very large when the scatter point is at either end of a diffraction curve, especially at
the end outside the source location. Such scatter points should be eliminated. This can be
achieved by aperture control during prestack Kirchhoff time migration processing.

Figure 6 shows absolute values of the travel-time error in the PS-wave caused by an

error of 0.05 in » (50% of 0.1 or 25% of 0.2) with variation in V., y,, 7, x and travel-
times. In practice, this error is not small. Because V , 7, and y, are correct, the travel-time
error is — E Ay . Figure 6 shows that travel time errors caused by errors in y exhibits similar
features to the travel-time error caused by error in y,, . For example, all travel-time errors

caused by errors in » changes sign with variation in CIP locations. The error is dominated by

the error caused by the S-waves. This is also because the error factor E  has a factor of

whereas E " has a factor of ;2 which reduces the error in the P-waves.
(70 -1) (7’0 _1)7eff

The travel-time errors are also inversely proportional to the travel-time itself and to

V. The values of y,, 7, x have less effect on the travel-time error; the travel-time errors

depend on the location of the scatter point and they become very large when the scatter point

is at either end of a diffraction curve, especially at the end beyond the source location. We
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should also point out that an error of 0.05 is quite big for y in weak anisotropic media. In

practice, errors of » are so small that errors in travel-time may be neglected.

ANALYSIS OF EFFECTS OF PARAMETERS

In this section, we compare the results for anisotropic media with the results for isotropic
media obtained by Dai and Li (2006). The results for anisotropic media show similar features
to the results for isotropic media. Firstly, for both anisotropic and isotropic media, errors in
velocity have the largest effects on the travel-time error. The velocity ratio in both anisotropic
and isotropic media has less effect on travel-time error. However, in anisotropic media, there
are both a vertical velocity ratio and an effective velocity ratio. The vertical velocity ratio has
much less effect on the travel-time error than the effective velocity ratio. The anisotropic
parameter in anisotropic media has a similar effect to the effective velocity ratio. Secondly,
the travel-time errors in both anisotropic and isotropic media are inversely proportional to the
travel-time itself, which implies that the long travel-times are more accurately calculated than
the short travel-times. Thirdly, the travel-time errors are inversely proportional to the PS-
wave velocity, which implies that the travel-time computation is more accurate in high
velocity media than in low velocity media. The reason is that the error factors of PS wave

velocity and effective velocity ratio are proportional to w, or w, and the error factor of
anisotropic parameter is proportional tow’ or wZ . Both w, or w; are inversely proportion to

szs . Fourthly, the travel time error caused by the error in the velocity ratio in both anisotropic

and isotropic media changes sign as the common image point locations vary. These sign
changes result in asymmetric events in common image point gathers as we discussed in Dai

and Li (2006).

10
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Since the travel-time error in anisotropic media has similar features as that in isotropic
media, it has a similar effect on migration images. All discussions in Dai and Li (2006) can
be applied to the case of anisotropic media and the same conclusions obtained. We will not
repeat this analysis in this paper. This analysis shows that the velocity error mainly affects the
position of the imaging point and velocity ratio error mainly affects the focusing of the
imaging point. To obtain a focused image, the travel-time error must be less than some small
value. To achieve this, the velocities must be as accurate as possible and a rough estimate of
the P-to-S velocity ratio is needed.

The quality of the image is determined by the accuracy of the calculated travel-time.
If there are no errors in the velocity model and the travel- times are correctly calculated, the
energy will accumulate precisely at the desired image point. Otherwise, the energy will be
smeared around the desired image point according to the errors in travel-times. Due to the
energy smearing, the frequency of the resultant wavelet is lowered.

Because the error in travel-time caused by y, is much less than that caused by y ,

z,and V ., we can ignore the effect of y, on travel-time. That means we only need to

ps

consider the effects of ., », and V,, in migration velocity analysis and prestack time

migration. y, must be estimated by other methods.

To examine the effects of y., and y, two ratios are defined as:

E, _ 2L+ y) Wp(1+Wp) )
Eyef‘fp (70 _1)7eff {1+2[1_2776f‘f (1+yef'f )]Wp +[1_277ef'f (1+27/ef‘f )]W;}’

and
EZS — 2(1+ Vett ) Ws(1+ Ws) (10)

B (70 =1) [L+ 201+ &y )W, + (L 280 JWE T
Here Ay = Ay . The two ratios shows that, when w, and w, are small, » has less effects

on traveltime thany,, . However, when w, and w; are large, both ratios can be larger than 1

11
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which means y has larger effects on traveltime than y. . This can be explained by

examining the differentials of the second and higher order moveout without considering the

errors of V. and y, . For P-waves raypath,

w
AW, = [~ Ay | (10)
(1+ yeff )yeﬁ
and
442y +(B3+ 24 + 21 )W
2 W5(1+Wp){AZ_Z[ ! i L p]A]/eff}
A[ 77eff Wp ] — (1 + Wp)(1+ 7/eff )7eff (11)
14+ (L+ 27 )W, [+ @+ 2076 )W, 1 (75 — D) eg

+279ff +(3+27/eff +2776,\ff )W
(1+Wp)(1+]/eff )7eff

: : 4 : .
Note in Equation 11, [ ®] decreases when w increases and is

442
less than 75[¢

1. which is far less than 1, the effect of Ay, can be neglected.
(1+ 7/eff )J/eff

Equation 11 can be approximated as:

w2 wi(l+w
Al e 1= ot zp) 7 A (12)
1+ @+ 2n4)w, " [+ @+ 274 )W, 17 (7o —Dyer
For S-wave raypath,
w
AW, = [——]Ayq (13)
7eff
and
E W2 w3 2+ W,
ACT—) = [Ax AV ] (14)

=— S +y
1+wg A+w) (7, —1) A+w)(7er +1)

2+ W,
(1+Ws)(7/eff +1)

Note In Equation 14, y also decreases when w, increases and is far less

than 1. The effect of Ay, can be neglected. Equation 14 can be approximated as:

12
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w’ 2
Ay W Ay. (15)
1+w,” (1+w)(7,-1)
et W,
When w, and w; are small, Aw, is larger than A[ il ] and Aw; is larger than
1+ 1+ 2n74 )W,
geffvvs2 .
A( ) - Ay has larger effects on traveltime thanAy . When w, and w, are large, Aw,

1+w

S

w2 w’
et o ] and Aw, is less than A(geﬁ—s) . Ay has larger effects on
1+ 1+ 274 )W, 1+w

S

is less than A[

traveltime than Ay .

The above analysis shows that when w, and w, are small, the contribution of Ay
can be neglected. However, when w, and w, are larger, the contribution of Ay is larger
than Ay, .

The velocity error mainly affects the position of the imaging point whereas velocity
ratio error and the anisotropic parameter mainly affect the focusing of the imaging point. The

E.« and E,. However, the

effect of EVps in mis-positioning is larger than that of E ;,

effect of E ,, E, and E, in focusing is larger than that of Ey,s. Note that the energy at a

shallow image point has a larger travel-time error than that at a deep image point. This
explains why the quality of the shallow part of the migrated image is poorer than the deep
part.

For dipping targets, the effect of error in y and y increases with increasing dip
angle of a target. The larger the dip angle, the larger the effect of the error in y and . The

events in CIP gathers appear asymmetric due to the error in y, and y.

13
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The above conclusions have been used to guide how to update the migration velocity
model for real seismic dataset (Dai and Li, 20073, b). In these two papers, both synthetic and

real examples confirm the above conclusions.

CONCLUSIONS

We have investigated the factors that affect the travel-time accuracy of PS-waves calculated
in prestack Kirchhoff time migration and the effects on the prestack migrated image for PS-
waves in anisotropic media. The travel-time error in a PS-wave is the sum of the products of

the relative errors in Vs, 7., 7o, and y and their corresponding error factors Ev,,» Ejo

E.« and E,. These error factors modulate the effects of Vs, 7., 7o, and y on the travel-

time computation.
Theoretical and numerical analyses of the error factors show that all the error factors
are inversely proportional to the velocity as well as to the travel-time. However, the travel-

time of a PS-wave is affected more severely by error in V5 than by error in y.4, 7o, and z .
The error in V causes the largest error in the travel-time and the error in y, causes the
smallest error in the travel time. The error in y causes a larger error in the travel-time than
error in y when the ratio of horizontal distance to depth (w,or w,) is small. However, for
far-offset data, The error in y causes a larger error in the travel-time than error in y,, when
the ratio of horizontal distance to depth. Errors caused by y., and y are mainly from the

converted S-wave raypath of PS converted waves. This conclusion is useful for processing PS
converted wave data with weak anisotropy using prestack Kirchhoff time migration. Because

the travel time is very sensitive to V, we must accurately estimate V. However the fact

ps

that the travel time is less sensitive to y,, 7 and g, is convenient since we may not able to

14
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accurately estimate them. Hence roughly estimated »,, . and y can be used in PSTM. In
practice, we can use values of »,, 7. and y obtained from stacking velocity analysis. This

can save processing cost and time. Errors in travel-time for shallow events are usually larger
than those for deep events. This may explain why the quality of the shallow part of a
migrated image is poorer than that of the deep part. The effect of velocity ratio error depends

on the dip of a target. More accurate y and y values is necessary for migrating dipping

targets. These findings are also useful for our understanding of PS-wave behaviour and for

PS-wave imaging in anisotropic media.
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Appendix A: Parameters of equivalent anisotropic medium

Consider an N-layer vertical-transverse-isotropic medium with interval Thomsen’s

parameters (V. &, Vsois 0, and z;, 1=123,...,n) for each layer (Figure 7). The following

parameters are defined: The short-spread normal moveout velocity for P-waves and S-waves

and effective anisotropy parameters are (Tsvankin and Thomsen,1994):

Vp2i :VpOi (1+25i . (A-l)

15
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Vs2i =Vsoi/(1+20; . (A-2)
where
V2,
i :Lzm(gi_@)' (A-3)
VsOi

The anisotropy parameters for P-waves and S-waves are:

& —0 25,

m=-———"=(1+ ). (A-4)
(1+26,)° 1-Va /vpzOi

G=—0Ci 201 (A-5)

= 1+ )
1+207)%2  1-V3; /vgm

Note from the above definition, we have & = yZn . This N-layer vertical-transverse-

isotropic medium can be considered as an equivalent anisotropic medium. Based on the
above parameters, we can define the following effective parameters of this equivalent

medium for P, S, and PS converted waves:

tho = ;tpm J (A-6)

tsO = Ztsoi ! (A'7)

tpsO = ztpoi + Ztsoi = tpO +1 (A_S)
i=1 i=1l

are the vertical traveltimes for the P-, S- and PS converted wave respectively;

t
Yo =L (A-9)

is the vertical velocity ratio;

16
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n

Vi = ZV§2itpOi , (A-10)
poi=1

1 n
V522 :_ZVSZZitSOi 1 (A‘ll)

sOi=1

and

p52 - [va2| pOi +ZV52ItSOI (A‘12)

cO i=1

are the squares of the stacking velocities for P-, S-, and PS converted waves, respectively;

Ve =——% (A-13)

is the effective velocity ratio. Note that although y; is defined by »,, V ,and V,, the

Vv
change in y, does not necessarily to change y., value because it change the value of P2
s2

Vi,
The change in y, will affect the value of — 2 either, not 7o . S0 we can treat . and y, as
s2

independent parameters in estimation procedure.

1

o = 5o [V L4818~y V], (A-14)
poYp2 i=l

é/eff 8t V4 [ZV52|(1 8§|)At50| 1:50\/542] (A-15)
s2 =1

are the anisotropic coefficients for P- and S-waves respectively; and

Xeft 2707’esz Netr + Geft (A-16)

is the anisotropic coefficient for PS converted waves. Note that we change the sign of £, for

convenience.

Note that the parameters for PS converted waves can be converted to parameters for P

and S waves or vice versa.

17
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t

t = _psO A-17
po 1+7/0 ( )
t
t50=7/°_P5° (A-18)
1+y,

2 2 7eﬁ(1+70)

Vi, =Vi , ————— A-19
p2 ps2 1+7eff ( )
1+7,)
V2, = V2, A+, (A-20)
2 P2 L+ e )70
Seft = Mett 7§ﬁ (A'Zl)
Xeft =77eﬁ707esz +&er = (70 _1)7/esz776ff (A-22)

The P- and S- waves are reflected at the bottom of the N-th layer. The PS converted wave is
converted at the conversion point of the N-th layer with a down-going P-leg and an up-going
S-leg. Their moveouts are approximately written with effective parameters using Thomsen’s

notation (1999) as (Alkhalifah, 1997; Li and Yuan 2003):

th =t, +t,, (A-23)
2 X4
t= [t2) + 2 25, P : (A-24)
P e szz ) V;)Zz[t;ZJOV;322+(1+2neff )Xf,]
2 4
X X
to= [t +5 25, — - (A-25)
) \/ ° V522 ) V522 (t520V522 + st)

where x, is the distance between the source and conversion point and x is the distance

between the conversion point and receiver.

Lot w2070+ 7e) XAt 70) (At 7)) e and
p t2 V2 ' s T t2 V2 v et = 1 2
psO psyeff psO ps7/0 (70 )7eff
E =— Ze“l, we have:

0
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2
£, =20 [, - 2 (A-26)
1+, 1+ 1+ 2774 )W,
t 2
g =700 f oy, —ﬁwf (A-27)
1+y, 14w

Appendix B: The error factor of travel time of prestack Kirchhoff time migration.

The error in the traveltime of the PS converted wave in prestack Kirchhoff time migration is

Aty = At +At,. (B-1)
Here
t 2
At, = A{ PO 1+ w, — et w2}, (B-2)
1+, 1+ 1+ 274 )W,
and
t 2
At = A{M 1+w, — iWSZ}. (B-3)
1+y, 1+ wg

Equations (B2) and (B3) can be written as:

At =g Ao [1+ 2w, + (L+ 277 )W2 1AW, — 2(1+ W, )W2 A7y

P 1+ 7, 2[1+ (L+ 277 )W, T+ 2(1+ 77 )W, + W3]

X, (B-4)

A}/o + [(1+ Ws)z - 2(2 + Ws )Wsé:eff ]AWS - 2W§ (1+ Ws )Afeff

At = 5 s (B-5)
1+70)70 2[(1+2wg +wg (1285 )I(1+ws)
2 2
X5 (1+ 1+ X (1+ 1+
Because w, = p 2 70)2( Ver) W, = s 270)5 Ver) he = —2_ and
tpsOVpsyeff 1:psOVpsyo (70 - 1)7eff
= — Zeﬁl, their differentials are written as:

0
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(B-8)

AW, = - Blw,, (B-6)
P 1+70 (1+7/ef'f )7eff Vps P
A A
A77eff :[ Aet - Ayo -2 et ]neff ] (B-7)
Zeff 1+ 70 7/eff
Aw, =[-— 270 Bt 5 AV Tw
° (1+7/0)70 1+7/eff Vps )
and
Ay A
Ay =[2- 2P0 ge (B-9)

eff 1+,

Note that the above partial differentiations are only applied when the errors in the four
parameters are small. This assumption is easily assured. For example, if the initial velocity

model has large errors, we can repeat the velocity analysis to reduce the errors.
Substituting them in Equations B-4 and B-5, we have

A AV
[L+2w, + L+ 2 WRILET0 — BTet Ty
1+70 (1+7/eff )yef'f Vps

A A
T e
At ={- Ay, + ot L+70 Ve o (B-10)
P 1+7, 2L+ (L+ 277 )W, I+ 2L+ 7 )W, + W2 ] P

A}/O n A7/ef'f AVps

2
[(+w,) —2(2+Ws)Ws56ﬁ][_(1+7o)yo Lere Vi

Ater A
—owZ (L w ) [ - ST e
Ay, Xei  1+7

At ={ +
L+70)70 2[(1+ 2w, + WS (1284 )1(L+w,)

X, (B-11)

Putting Equation B-10 and B-11 together and rearranging items, we obtained Equation 4, 5,
6, 7, and 8.
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Caption list

Figure 1. The relationship between the source, receiver and scatter point.

Figure 2. Diffraction curves calculated using various velocities and velocity ratios in prestack
time migration. (a) Vps=1000 m/s, y0=2.5, yerr=2.0, 1er=0.1; (b) Vps=1000 m/s, y0=2.5, yer=2.0,
xeff=0.2; (C) Vps=1000 m/s, v0=4.5, verr=4.0, %e=0.1; (d) Vps=1000 m/s, yo=4.5, yerr=4.0,
26i=0.2; (€) Vps=2000 m/s, 70=2.5, 7er=2.0, %er=0.1; (f) Vps=2000 m/s, yo=2.5, yes=2.0,
Yeff=0.2; (9) Vps=2000 m/s, y0=4.5, yerr=4.0, %err=0.1; (h) Vps=2000 m/s, yo=4.5, yerr=4.0,
1eff=0.2. The source is at 0 and receiver is at 1.0 of the CIP (Common image gather) location.
The CIP location is defined as offset/1000m. Five curves show the vertical two-way travel

time as functions of CIP location for different travel-times (solid:t, =1.0s; dot: t,  =2.0s;

short dash: t, =3.0s; middle dash: t, = 4.0s; long dash: t, =5.0s).

Figure 3. The time error related to Ev,, caused by 10 ms (1% of 1000m/s or 0.5% of 2000m/s)
error in V. Five curves show the factor values against the CIP location with different travel-
times as specified in Figure 2. (a) Vps=1000 m/s, y0=2.5, Yetr=2.0, yerr=0.1; (b) Vps=1000 m/s,
v0=2.5, Ver=2.0, %er=0.2; () Vps=1000 m/s, y0=4.5, verr=4.0, %er=0.1; (d) Vps=1000 m/s,
Y0=4.5, Yerr=4.0, %e=0.2; (8) Vps=2000 m/s, 10=2.5, verr=2.0, %err=0.1; (f) V;ps=2000 mis,
¥0=2.5, vet=2.0, %er=0.2; (9) Vps=2000 m/s, vo=4.5, verr=4.0, yerr=0.1; (h) Vps=2000 m/s,

Y0=4.5, Yer=4.0, %ef=0.2.

Figure 4. The time error related to E, caused by 0.1 (4% of 2.5 or 2% of 4.5) error in y,.

Five curves show the factor values against the CIP location with different travel-times as
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specified in Figure 2. (a) Vps=1000 m/s, y0=2.5, yef=2.0, %=0.1; (b) Vps=1000 m/s, y0=2.5,
Yerr=2.0, %er=0.2; (C) Vps=1000 m/s, y6=4.5, yerr=4.0, 7err=0.1; (d) V;s=1000 m/s, yo=4.5,
Yer=4.0, %er=0.2; (€) Vps=2000 m/s, 16=2.5, yer=2.0, 1r=0.1; (F) Vps=2000 m/s, 1,=2.5,
Yerr=2.0, %er=0.2; (9) Vps=2000 m/s, 70=4.5, Verr=4.0, %err=0.1; (h) Vps=2000 m/s, yo=4.5,

'Yeff:4.o, Xeﬁ:0.2.

Figure 5. The time error related to E, ~ caused by 0.1 (5% of 2.0 or 2.5% of 4.0) error iny, .

Five curves show the factor values against the CIP location with different travel-times as
specified in Figure 2. (a) Vps=1000 m/s, y0=2.5, yef=2.0, %r=0.1; (b) Vps=1000 m/s, y0=2.5,
Yerr=2.0, %err=0.2; (C) Vps=1000 m/s, y6=4.5, yerr=4.0, 7¢rr=0.1; (d) V;s=1000 m/s, yo=4.5,
Yerr=4.0, %er=0.2; (€) Vps=2000 m/s, 16=2.5, Yerr=2.0, 1r=0.1; (f) Vps=2000 m/s, 1,=2.5,
Yett=2.0, %etr=0.2; (9) Vps=2000 m/s, y0=4.5, verr=4.0, %er=0.1; (h) Vps=2000 m/s, yo=4.5,

Yett=4.0, Yerr=0.2.

Figure 6. The time error related to E , caused by 0.05 (50% of 0.1 or 25% of 0.2) error in y .
Five curves show the factor values against the CIP location with different travel-times as
specified in Figure 2. (a) Vps=1000 m/s, y0=2.5, yefr=2.0, 1er=0.1; (b) Vs=1000 m/s, y0=2.5,
Yert=2.0, %err=0.2; (C) Vps=1000 m/s, y6=4.5, yerr=4.0, 7¢r=0.1; (d) V;s=1000 m/s, yo=4.5,
Yerr=4.0, %er=0.2; (€) Vps=2000 m/s, 16=2.5, yerr=2.0, 1=0.1; (f) Vps=2000 m/s, 1o=2.5,
Yerr=2.0, %err=0.2; (9) Vps=2000 m/s, 70=4.5, Yer=4.0, %et=0.1; (h) Vps=2000 m/s, yo=4.5,

Yett=4.0, Yerr=0.2.

Figure 7. Multi-layer anisotropic media and the ray path of P, S and PS converted waves.
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Symbol list

Vi ¢ Interval P-wave velocity.

V,; © Interval S-wave velocity.
&; - Interval Thomson’s parameter
o; - Interval Thomson’s parameter

Vi © Interval short-spread moveout velocity for P-waves

V,,; . Interval short-spread moveout velocity for S-waves
o;  Interval anisotropic parameter

n; » Interval anisotropic parameter for P-waves

¢, » Interval anisotropic parameter for S-waves

t,o 0 Interval vertical travel-time of P-waves.

ty; : Interval vertical travel-time of S-waves.

V., RMS velocity of P-waves.

V,, : RMS velocity of S-waves.
7o Vertical velocity ratio of P and S-waves.

7. - Effective velocity ratio of P and S-waves.

Vps - RMS velocity of PS-waves.

1. - Effective anisotropic parameter for P-waves.

C o - Effective anisotropic parameter for S-waves.

X - Effective anisotropic parameter for PS-waves.

p: Travel-time of P-waves from a source to a scatter-point.

ts : Travel-time of S-wave from a scatter-point to a receiver.

tps: Two-way travel-time of PS-wave from a source to a receiver.
tpo: Vertical travel-time of P-waves from a source to a scatter-point.

tso : Vertical travel-time of S-wave from a scatter-point to a receiver.

tpso : Two-way vertical travel-time of PS-wave from a source to a receiver.
Xp 1 Horizontal distance between a source and a scatter-point.

Xs : Horizontal distance between a scatter-point and a receiver.

Atps: Error in the travel-time of PS-waves.
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EVps : Error factor for V.

E, :Partof Ey related to P-waves
Vosp ps

E, :Partof E, related to S-waves
Vss Vps

E,, : Error factor for y,.

E, :Partof Eyo related to P-waves.
E, :Partof Eso related to S-waves.
: Error factor for y .

:Partof E,  related to P-waves.

Vetfp

E. .. : Part of Eyeff related to S-waves.

effs
E, 1 Error factor for y .

E » Part of E P related to P-waves.

E P Part of E P related to S-waves.
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